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INTRODUCTION: 

Understanding  the  basic  biology  of  prostate  cancer  will  provide  us  with  additional  critical 
information  necessary  to  improve  existing  treatments  or  to  find  newer  treatments  for  patients 
suffering  from  prostate  cancer.  While  several  genetic  alterations  play  specific  functions  in  a  cell, 
some  of  these  genes  can  have  multiple  functions.  One  such  gene  encodes  a  protein  called  P- 
catenin,  which  plays  a  dual  role  in  cancer  cells  by:  a)  playing  a  role  in  cellular  adhesion  via 
another  protein  called  E-cadherin,  and  b)  playing  a  role  in  causing  cellular  division  through  a  set 
of  proteins  which  cause  cells  to  divide  abnormally.  In  addition  to  these  proteins  which  P-catenin 
is  already  known  to  associate  with,  we  have  discovered  a  new  interaction  with  a  protein  called 
protein  kinase  D1  (PKD1)  in  prostate  cancer  cells.  Unraveling  this  complex  interaction  of  P- 
catenin  with  PKD1  in  prostate  cancer  cells  may  hold  the  key  to  understanding  the  role  of  a  single 
important  protein  in  causing  unregulated  cellular  division  and  loss  of  cellular  adhesion  -  the  two 
fundamental  hallmarks  of  a  cancer  cell.  We  have  previously  made  two  important  discoveries  in 
this  field:  a)  PKD1  levels  are  lower  in  advanced  prostate  cancer  which  are  associated  with  more 
aggressive  types  of  cancer,  and  b)  PKD 1  interacts  with  another  important  protein  in  cancer  cells, 
P-catenin.  These  preliminary  discoveries  in  prostate  cancer  have  led  us  to  put  forth  the  current 
proposal.  Our  major  objective  in  this  proposal  is  to  understand  the  consequences  of  binding  of 
PKD1  to  P-catenin  in  tumor  development  and  to  study  the  exact  alteration  of  these  proteins  in 
human  prostate  cancer  tissues. 

Understanding  the  details  of  how  cancer  causing  proteins  communicate  with  each  other  in 
a  cell  will  help  us  intervene  in  the  disease  process  more  effectively.  To  this  end,  we  propose  to 
study  the  effect  of  P-catenin  and  PKD1  interaction  on  the  cancer  cell.  We  plan  to  achieve  these 
goals  by  increasing  PKD1  activity  in  the  cell  by  use  of  a  drug  called  Bryostatinl,  which  has 
already  been  used  in  clinical  trials  in  various  types  of  cancers.  During  2008-09  funding  period 
we  made  considerable  progress  on  our  grant  proposal  and  published  one  paper  in  Molecular 
Cancer  Therapeutics.  Our  research  findings  were  considered  for  highlight  and  appeared  on  cover 
page  (cover  illustration,  MCT  September  2008,  volume  7).  In  brief,  we  investigated  the  effect  of 
bryostatin  on  PKD1  expression,  P-catenin  transcription,  cell  proliferation,  and  cellular 
aggregation.  In  this  study  we  examined  the  effect  of  Bryostatin  1  treatment  on  PKD  1  activation, 
P-catenin  translocation  and  transcription  activity  and  malignant  phenotype  of  prostate  cancer 
cells.  Activation  of  PKD  1  with  Bryostatin  1  leads  to  colocalization  of  the  cytoplasmic  pool  of  P- 
catenin  with  PKD1,  trans-Golgi  network  markers  and  proteins  involved  in  vesicular  trafficking. 
Activation  of  PKD  1  by  Bryostatin  1  decreases  nuclear  P-catenin  expression  and  P-catenin/TCF 
transcription  activity.  Activation  of  PKD  1  alters  cellular  aggregation  and  proliferation  in  prostate 
cancer  cells  associated  with  subcellular  redistribution  of  E-cadherin  and  P-catenin.  For  the  first 
time,  we  have  identified  Bryostatin  1  modulates  P-catenin  signaling  through  PKD1,  which 
identifies  a  novel  mechanism  to  improve  efficacy  of  Bryostatin  1  in  clinical  setting. 

During  the  2009-10  funding  cycle  we  have  made  significant  progress  on  our  project.  We 
have  published  six  papers  and  seven  abstracts.  In  addition  to  publications,  we  have  obtained 
grants  from  the  state  (Governor’s  2010  initiative),  NIH  (NCI  ROl)  and  pharmaceutical  industries 
(Merck  Pharmaceuticals,  Investigator  Initiated  Grant).  In  this  study  cycle,  we  attempted  to 
isolate  stable  C4-2  cell  lines  transfected  with  PKD1  mutant  constructs  in  order  to  identify  the 
domains  involved  in  interaction  and  modulation  of  P-catenin  activity.  While  we  had  difficult 
time  generating  and  isolating  stably  transfected  cell  lines,  we  used  transiently  transfected  C4-2 
cell  lines  to  investigate  the  effect  of  PKD  mutants  on  the  various  aspects  of  cellular  functions 
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including  cell  proliferation,  colony  formation  and  motility.  The  results  from  these  experiments 
are  presented  below  and  provide  promising  results  for  further  investigation.  However,  due  to  the 
low  efficiency  of  transient  transfection  of  C4-2  cells,  we  have  decided  to  generate  stably 
transfected  C4-2  cell  lines  using  retro-viral  mediated  transfection  system  to  obtain  reliable 
results.  The  retroviral  system  is  a  well  established  technique  that  yields  much  higher  efficiency 
of  generation  of  stable  transfect  compared  to  cationic-lipid  mediated  transfection.  We,  in 
collaboration  with  Dr.  Chauhan,  have  also  developed  a  xenograft  mouse  model  system  with  the 
highly  metastatic  C4-2  cell  lines.  Our  results  are  very  encouraging  and  we  have  been  able  to 
generate  highly  vascularized  tumors  in  nude  mice.  In  addition,  we  have  investigated  the  effects 
of  PKD1  overexpression  on  gene  transcription  using  PCR  microarray  techniques.  We  have  also 
discovered  a  new  method  of  PKD 1  activation  by  a  dietary  compound  curcumin,  results  were 
presented  at  the  AACR  2010  meeting.  Our  work  related  to  curcumin  pre-treatment  strategy  of 
cancer  cells  induces  chemo/radiosensitivity  in  cancer  cells  has  been  published.  Based  on  clinical 
implications  of  this  novel  strategy,  this  paper  was  selected  for  press  release. 
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Body: 

Aim  1:  Molecular  Nature  of  PKD1  and  13-catenin  Interaction 


To  determine  domain  of  PKD1  that  are  required  for  interaction  with  H-catenin: 

We  tried  to  generate  stable  clones  of  C4-2  cells  with  green  fluorescent  protein  (GFP)  fused 
PKD1  constructs  in  order  to  study  the  physiological  significance  of  PKD1  in  prostate  cancer.  We 
tried  to  isolate  multiple  colonies  using 


standard  techniques.  However,  repeated 
efforts  at  isolating  colonies  failed,  since 
the  colonies  died  very  soon  in  isolation. 
We  attempted  transfection  using  multiple 
cationic  reagents  like  Lipofectamine, 
Lipofectamine  2000,  FuGENE  HD, 
PolyFect  and  Effectene  to  raise  stable 
transfection  with  little  success..  Table  1 
shows  comparison  between  transfection 
efficiency  of  Lipofectamine  2000  and 
FuGENE  HD.  Among  these  various 
transfection  reagents,  we  found  FuGENE 
HD  to  produce  maximal  transfection 
efficiency  Hence  we  used  transient 
transfection  of  C4-2  cells  with  GFP  fused 
PKD1  constructs  with  FuGENE  HD  to 
characterize  effect  on  prostate  cancer. 

Generation  of  PKD1  mutant  constructs 

and  C4-2  cell  lines  expressing  PKD- 

GFP  construct: 

The  DNA  constructs  (2ug)  of  PKD1 
mutants  tagged  with  GFP  and  cloned  in 


FuGENE 

Lipofectamine 

2000 

DNA 

2pg 

4pg 

2pg 

4pg 

GFP 

70.6 

24.2 

15.9 

10.7 

AAP 

9.8 

14.3 

2.3 

2.2 

ACla 

12.3 

10.3 

3.2 

1.4 

AClb 

17.9 

11.1 

1.8 

1.5 

ACRD 

11.4 

1.8 

0.0 

2.4 

AKD 

28.3 

3.8 

0.0 

2.2 

AN 

6.5 

0.0 

0.0 

0.0 

Table  1.  Efficiency  of  transient 
transfection  of  C4-2  with  FuGENE  or 
Lipofectamine  2000  using  2  and  4pg 

DNA. 

Figure  1. 


Transiently 

C4-2-PKD1 


transfected 
mutant  cell  lines: 

C4-2.PKD1  mutant  cell  lines 
were  generated  using 
transfecting  agent  FuGENE 
HD.  The  figure  shows 
fluorescent  microscopic  and 
phase  contrast  images  of 
transfected  cells  and  a  pictorial 
representation  of  the  construct 
used.  (A).  C4-2  cells 

transfected  with  vector 
containing  GFP.  (B)  C4-2  cells 
transfected  with  vector  AP 
domain  deleted  PKD1  (C4- 
2.PKD1-AAP).  (C).  C4-2  cells 
transfected  with  Cla  domain 
deleted  PKD1  (C4-2.PKD1- 
ACla).  (D).  C4-2  cells 

transfected  with  Clb  domain 

deleted  PKD1  (C4-2.PKD1- 
AClb).  (E).  C4-2  cells 

transfected  with  Cla  and  Clb 
domains  deleted  from  PKD1 
(C4-2.PKD  1  -ACRD).  (F).  C4- 
2  cells  transfected  with  kinase 
dead  (K612W)  PKD1  (C4- 
2.PKD1KD).  (G)  C4-2  cells 

transfected  with  AP,  Cla  and 
Clb  domains  deleted  from 

PKD1  (C4-2.PKD1-AN). 


ability  and  motility  characteristics. 


pEGFP  vector  were  obtained  from  our  collaborator  Dr. 
Angelika  Hausser,  University  of  Stuttgart,  Germany. 
Transiently  transfected  C4-2  prostate  cancer  cell  lines 
containing  the  mutant  PKD  constructs  were  generated  by 
chemical  transfection  using  FuGENE  HD  (Promega, 
USA).  The  cells  were  observed  for  GFP  under  a 
fluorescent  microscope  (Figure  1).  After  two  days  of 
incubation  at  37°C/5%C02,  the  cells  were  trypsinized  and 
used  for  further  experiments.  The  transiently  transfected 
C4-2  cell  lines  were  checked  for  growth,  colony  formation 
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Effect  of  C4-2  cell  lines  expressing  PKD1-GFP  constructs  on  cell  proliferation,  colony 

formation  and  cell  motility: 

C4-2  cells  transiently  transfected  with  various  PKD1-GFP  mutant  constructs  were  trypsinised, 
counted  and  plated  for  cell  proliferation  experiment.  In  brief, 

20,000  cells  were  plated  per  well  in  a  6  well  plate  and 
incubated  at  37°C/5%C02  for  seven  days  (Figure  2).  A  single 
well  was  trypsinized  each  day  and  the  total  numbere  of  cells 
were  counted.  The  doubling  time  was  estimated  using  the 
formula  Doubling  time  =  0.693  (n)/LN  (nf/ni),  where  n= 
number  of  hours,  nf=  cell  count  at  end  point  and  ni=  cell  count 
at  initial  time  point.  Despite  the  low  transient  transfection 
efficiency,  the  deletion  of  Clb  domain  from  PKD1  results  in  a 
drastic  increase  in  doubling  time.  The  Clb  domain  of  PKD1  is 
known  to  be  involved  in  interaction  with  DAG  and  for  plasma 
membrane  recruitment  of  the  protein  following  activation  of 
the  protein.  The  absence  of  this  domain  might  indicate  lack  of 
recruitment  and  the  following  steps  necessary  for  mediated  cell 
signaling  through  PKD 1  activation. 

Colony  formation:  The  effect  of  C4-2  cells  transiently  transfected  with  various  PKD1-GFP 

mutant  constructs  was  assayed  by  plating  600  cells  in  a  60mm 
plate.  The  plates  were  incubated  for  10  days  at  37°C/5%CC>2.  The 
colonies  formed  were  fixed  with  methanol,  stained  with  0.05% 
crystal  violet  for  30  minutes  and  destained  using  water.  The 
images  of  the  plate  were  captured  on  Alpha  imager  and  the 
software  used  for  counting  the  colonies  (Figure  3).  Our  results 
indicate  an  almost  25%  decrease  in  colony  formation  of  the  Clb 
domain  deleted  PKD1,  concurring  with  the  proliferation  data. 
Similar  results  were  also 
seen  with  ACRD  and 
PKD1.  KD,  the  kinase 
dead  mutant,  indicating 
the  importance  of  kinase 
activity  and  Clb  domain 
for  colony  formation.  All 
these  experiments  were 
perfonned  in  triplicates. 


Cell  Motility:  The  effect  of  PKD1-GFP  mutant  constructs 
on  cell  motility  was  assayed  using  Boyden’s  chamber.  In 
short,  350,000  transiently  transfected  cells  were  loaded 
into  the  chamber  in  media  containing  1%  FBS.  A 
chemotactic  gradient  of  10%  FBS  was  applied  to  by 
incubating  the  chamber  in  a  6  well  plate  containing 
media+10%  FBS.  Following,  incubation  of  the  plates  for 


PKO  t.GFP  AAP  6CU  ACtb  ACRD  &KD  6H 

Effect  of  PKD1  Mutant  Overexpression  in  C4-2 
Cells  On  Motility  24h 


•  pkdi  • »  »cu  ■ci»  c*o  n 


Figure  4.  Effect  of  mutant  PKD1 
overexpression  on  cell  motility.  Boyden’s 


chamber  was  used  to  probe  the  effect  of  mutant 
PKD1  expression  on  C4-2  cell’s  motility.  The 
cells  were  plated  in  1%  FBS  onto  the  chaber 
and  a  chemotactic  gradient  of  10%  FBS  was 
was  applied  for  24h  to  facilitate  cell  motility. 
The  cells  were  fixed,  stained  and  images  of  ten 
radom  area  were  captured  and  the  number  of 
cells  were  counted. 


Colony  Formation  By  C4-2  Cells 
Overexpressing  PKD1  Mutants 


■  C4-2  ■  GFP  i  PKD1  ■  AAP  Ada  AQb  ACRD  PKDLKD 


Figure  3.  Effect  of  mutant  PKD1 
overexpression  on  colony 
formation  ability  of  C4-2  cells. 
Transiently  transfected  cells  were 
plated  at  600  cells  per  plate  in 
60mm  plates.  After  10  days,  the 
colonies  were  fixed,  stained  and 
counted.  fixecounted  for  seven 
days  by  trypsinizing  one  well  per 
day.  The  doubling  time  was 
calculated  from  the  log  phase  of  the 
cell  growth. 


Doubling  Time  Of  C4-2  Cells  Expressing 
PKD-1  Mutants 


Figure  2.  Effect  of  mutant  PKD1 
overexpression  on  C4-2  cell 
proliferation.  Transiently  transfected 
cells  were  plated  at  20,000  cells  per  well 
in  6  well  plates.  The  cells  were  counted 
for  seven  days  by  trypsinizing  one  well 
per  day.  The  doubling  time  was 
calculated  from  the  log  phase  of  the  cell 
growth. _ 
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24h,  the  motile  cells  on  the  membrane  were  fixed  in  methanol  for  5min,  stained  with  crystal 
violet  for  30m in,  the  membrane  dried  and  mounted  onto  pre-labeled  slides.  Ten  independent 
images  were  taken  and  the  motile  cells  that  migrated  across  the  membrane  were  counted.  Our 
results  indicate  major  difference  in  the  migratory  behavior  of  AN,  AAP  and  PKD1.KD  mutants, 
indicating  the  importance  of  these  domains  in  cell  motility  (Figure  4).  In  the  next  cycle,  we  plan 
to  generate  stable  transfects  using  retroviral  system.  Once  the  stable  transfects  are  isolated,  the 
interaction  of  PKD1-GFP  mutant  constructs  with  P-catenin  will  be  analyzed  by 
immunoprecipitation  assays,  using  P-catenin  and  GFP  specific  antibodies  as  described 
previously.  Additionally,  the  effect  of  the  different  constructs  on  P-catenin  transcription  will  be 
analyzed. 

Aim  2:  To  Demonstrate  that  Activation  of  PKD1  by  Bryostatin  1  Influences  the  Cellular 
Phenotype  in  Prostate  Cancer. 

Time  and  dose  dependent  activation  of  PKD1  by  Bryostatin  1 

Treatment  of  the  prostate  cancer  cells  stably  transfected  with  PKD1-GFP  with  increasing 

concentrations  (10-30  nM)  of 

Bryostatin  1  for  3  h  demonstrated 
increased  transphosphorylation  of 

ser738  and  ser742  and 
autophosphorylation  of  ser910 
residues  of  PKD1  (Figure  5  A  and  B). 
The  activation  of  PKD1  is 

phosphorylation-dependent,  and 

serine738  and  742  residues  in  human 
PKD1  (corresponding  to  serine744  and 
748  in  mouse)  have  been  identified  as 
crucial  phosphorylation  sites.  These 
serine  residues  are  located  in  the 
activation  loop  of  the  PKD1  catalytic 
domain.  The  C-terminal  serine916 
residue  has  been  identified  as  an 
autophosphorylation  site  in  PKD1  (1).  Phosphorylation  of  these  serine  residues  affects  PKD1 
activity  and  plays  a  role  in  modulation  of  PKD1  function  in  vivo.  In  order  to  exclude  cell  line 
specific  effects  we  also  confirmed  that  Bryostatin  1  activated  and  is  associated  with  membrane 
translocation  of  PKD1  in  androgen  dependent  LNCaP  cells  (data  not  shown). 

Effect  of  activation  of  PKD1  by  Bryostatin  1  on  E-cadherin  and  P-catenin  subcellular 
localization 

Subcellular  localization  of  PKD1,  E-cadherin  and  P-catenin  in  Bryostatin  1  activated  C4-2- 
PKD1-GFP  cells  was  analyzed  by  confocal  microscopy.  To  examine  PKD1  specific  changes  in 
subcellular  localization  of  E-cadherin  and  P-catenin,  we  compared  E-cadherin  and  P-catenin 
localization  in  Bryostatin  1  activated  C4-2-GFP  cells  and  C4-2-PKD1-GFP  cells.  In  vector 
transfected  C4-2  cells  we  did  not  detect  any  change  in  E-cadherin  or  P-catenin  localization  after 
Bryostatin  1  activation  (Figure  6).  Our  immunofluorescence  study  clearly  revealed  perinuclear 
and  membrane  localization  of  PKD1-GFP  upon  activation  by  Bryostatin  1  (Figure  6).  The  most 


A  B 


T  ransphosphorylated 
PKD1 

Autophosphorylated 
PKD1 

Endogenous 
PKD1 _ 

Figure  5:  Time  dependent  phosphorylation  of  PKD1  in 
Bryostatin  1  treated  cells.  A,  C4-2  cells  stably  transfected  with 
GFP  fused  PKD1  (C4-2-PKD1-GFP)  were  treated  with  0,  10,  20 
and  30  nM  Bryostatin  1.  Cell  extracts  were  immunoblotted  with 
auto-  and  transphosphorylation  site  specific  antibodies.  Note 
optimum  phosphorylation  at  10  nM.  B,  C4-2  -PKD1-GFP  cells 
were  treated  with  10  nM  Biyostatin  1  for  0-3  h.  Cell  extracts 
were  immunoblotted  with  auto-  and  transphosphorylation  site 
specific  antibodies.  Note  maximum  phosphorylation  at  3  h. _ 
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striking  observation  was  the  colocalization  of  E-cadherin  and  P-catenin  with  PKD1-GFP  in 
Bryostatin  1  activated  C4-2-PKD1-GFP  cells  at  perinuclear  areas  in  addition  to  cell  membranes 
(Figure  6,  lane2,  arrows).  After  24  h  of  Bryostatin  1  treatment,  strong  membrane  staining  of  E- 
cadherin/p-catenin  and  some  perinuclear  staining  was  also  noticed  (Figure  6,  lane3).  While  the 
C4-2-GFP  cells  do  not  over-express  PKD1-GFP  (Figure  6),  they  do  not  show  perinuclear 
localization  of  E-cadherin/p-catenin.  This  observation  confirms  that  E-cadherin/p-catenin 
subcellular  distribution  is  specifically  mediated  by  PKD1  activation  and  not  by  other  kinases 
activated  by  Bryostatin  1 . 


Bryostatin  treatment  decreases  P-catenin 

transcriptional  activity 

We  investigated  the  effect  of  PKD1  activation 
on  P-catenin  mediated  transcription  activity 
and  proliferation  in  prostate  cancer  cells.  To 
investigate  the  effect  of  PKD1  on  p-catenin 
mediated  transcription  activation  of  TCF,  we 
transfected  plasmids  containing  a  wild  type 
TCF-binding  site  (TOPFlash)  or  a  mutated  site 
as  a  negative  control  (FOPFlash)  with  pRF-TK 
( Renilla  luciferase)  in  C4-2-PKD1-GFP  cells 
activated  with  Bryostatin  1  or  DMSO.  The 
firefly  and  Renilla  luciferase  activities  were 
measured  with  the  Dual-Fuciferase  Reporter 
(DFR)  Assay  System.  After  normalizing  the 
firefly  luciferase  activity  to  that  of  Renilla 
luciferase,  the  FOPFlash  reporter  plasmid 
luciferase  values  were  subtracted  from  the 
nonnalized  values  obtained  with  the  TOPFlash 
reporter  plasmid.  Bryostatin  1  activation  in  C4- 
2-PKD1-GFP  cells  led  to  a  significant 
reduction  (p  value=0.019)  in  P-catenin  reporter 
activity  (Figure  7). 

Effect  of  activation  of  PKD1  by  Bryostatin  1 

proliferation 

The  cell  proliferation  ability  of  Bryostatin  1  activated  C4-2-PKD1-GFP  cells  was  assayed  by 
CellTiter-Glo.  Bryostatin  1  activated  C4-2-PKD1-GFP  cells  showed  a  40%  decrease  in  cell 
proliferation  as  compared  to  DMSO  treated  cells  (Figure  7.2).  A  mixed  ANOVA  model  will  be 
used  to  compare  the  cell  lines  and  doses.  P-value  <  0.05  was  considered  significant. 

Effect  of  activation  of  PKD1  by  Bryostatinl  on  cellular  assresation 
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PKD1  is  also  known  to  be  involved  with  altered  cellular  aggregation,  which  is  required  for  a 
cancer  cell  to  successfully  complete  the  metastatic 
cascade  (2).  Because  we  have  demonstrated  that  PKD1 
activation  with  Bryostatin  1  is  involved  in  trafficking  of 
P-catenin,  we  sought  to  determine  the  effect  of 
Bryostatin  1  activation  on  cellular  aggregation  in  C4-2 
cells  over-expressing  PKD1.  Aggregation  assays  were 
performed  on  C4-2  cells  expressing  PKD1-GFP  as 
described  previously.  Our  experiments  demonstrated 
increased  cellular  aggregation  in  Bryostatin  1  treated  C4- 
2-PKD1-GFP  cells  compared  to  vehicle  only  treated  cells 
(Figure  7.3). 


Effect  of  PKD1  inhibition  on  P-catenin  subcellular 

localization 

To  further  demonstrate  the  specific  function  of  PKD1  in 
mediating  the  subcellular  redistribution  of  P-catenin, 

PKD1  expression  was  inhibited  90%  by  using  small 
interfering  RNA  (siRNA)  in  C4-2-PKD1-GFP  cells 
activated  with  Bryostatin  1.  After  inhibition  of  PKD1 
expression,  cells  transfected  with  non-targeted  siRNA 
were  activated  with  Bryostatin  1,  stained  for  p-catenin 
and  trans  Golgi  network  (TGN)  specific  (p230)  antibody 
and  analyzed  by  confocal  microscopy.  Non-targeted 
siRNA  transfected  and  Bryostatin  1  activated  cells 
showed  perinuclear  localization  of  PKD1  and  P-catenin. 

Merging  of  PKD1,  P-catenin  and  p230  images  from  these 
cells  shows  colocalization  of  these  three  proteins  at  the 
perinuclear  region  and  colocalization  of  PKD1  and  p- 
catenin  at  the  cell  junction.  Immunofluorescence  images 
of  PKD1  siRNA  transfected  C4-2-PKD1-GFP  cells 
shows  inhibition  of  PKD1-GFP  (Figure  8.E),  reduced 
staining  of  p-catenin  at  the  membrane  and  lack  of  p- 
catenin  localization  at  TGN  (Figure  8  F).  Merging  of  PKD1,  P-catenin  and  p230  images  taken  at 
the  same  confocal  level  in  PKD1  siRNA  transfected  C4-2-PKD1-GFP  cells  (Figure  8  H)  do  not 
show  colocalization  of  the  proteins  at  the  perinuclear  region.  These  results  suggest  that  P-catenin 
subcellular  localization  is  modulated  predominantly  by  activated  PKD1  and  not  by  other  kinases 
(PKC  isoforms)  activated  by  Bryostatin  1.  Interestingly,  down  regulation  of  PKD1  by  RNAi 
decreased  P-catenin  expression  at  the  plasma  membrane  (Figure  8  F),  which  further  suggests  that 
PKD1  plays  a  major  role  in  membrane  transport  of  p-catenin.  We  have  previously  published  that 
down  regulation  of  PKD1  in  fact  increases  total  cellular  P-catenin.  This  provides  further 
corroborative  evidence  for  role  of  PKD1  in  membrane  trafficking  of  p-catenin  because 


Figure  7:  Bryostatin  treatment  decreases  in  (3- 
catenin  transcription  activity,  cell  proliferation 
and  increases  cell-cell  adhesion.  7.1)  Effect  of 
Bryostatin  treatment  on  P-catenin  transcription 
activity.  C4-2-PKD1-GFP  cells  were  transfected 
with  TOP  or  FOPFlash  firefly  luciferase  reporter 
constructs  and  treated  with  10  nM  Bryostatin  1 
or  vehicle  only.  Data  are  expressed  as  fold 
induction  normalized  to  the  cotransfected 
Renilla  luciferase-encoding  pRL-TK  plasmid. 
Treatment  of  C4-2-PKD1-GFP  cells 
significantly  decreased  P-catenin  mediated 
transcription  activity  as  compared  to  vehicle 
only  treated  cells  (p  =  0.019).  Error  bars  indicate 
standard  error.  7.2)  Proliferation  assay  of 
Bryostatin  1  treated  C4-2-PKD1-GFP  cells. 
Proliferation  assay  after  48  h  of  10  nM 
Bryostatin  1  treatment  (see  Materials  and 
Methods)  expressed  as  percent  of  control  cells 
treated  with  vehicle  only  (p=0.001).  Error  bars 
indicate  standard  error.  7.3)  Bryostatin 
treatment  increases  cellular  aggregation. 
Bryostatin  1  treated  C4-2  -PKD1-GFP  cells 
showed  increased  cellular  aggregation  (B) 
compared  to  vehicle  only  treated  cells  (A). 
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membrane  P-catenin  is  decreased  in  spite  of  increased  total  levels  of  cellular  P-catenin  when 
PKD1  expression  is  reduced  (3).  However,  the  exact  mechanism 
of  regulation  of  p-catenin  expression  by  PKD1  remains  to  be 
investigated. 

Effect  of  PKD1  expression  on  apoptosis: 

It  has  been  shown  that  nuclear  P-catenin  forms  a  complex  with 
TCF/LEF  transcription  factors  and  that  this  complex 
transactivates  downstream  targets  such  as  c-mvc  and  cyclin  Dl. 

These  proteins  have  been  implicated  in  cell  cycle  regulation. 

PKD1  overexpression  in  C4-2  cells  decreases  P-catenin/TCF 
transcription  activity.  Over  expression  of  PKD 1  causes  increased 

cellular 
aggregation 
and  decreased 
motility  in 

prostate 
cancer  cells. 

In  order  to 
determine  the 
effect  of 

PKD1  on  cell 
cycle 

distribution 

Cell  cycle  distribution  was  assessed  using  BD  FACS  Vantage  SE 
pulse  processing  plus  program  for  analysis  of  DNA  content.  C4- 
2-GFP  vector  and  C4-2-GFP-PKD1  cells  were  stained  with 
propidium  iodide  (PI).  Each  value  represents  percentage  of  cells 
in  the  noted  cell  cycle  phase.  Experiments  were  repeated  three 

times  and  representative  histograms  are  shown.  The  results  show  that  PKD  1  overexpression 
resulted  increase  of  cells  in  G1  phase 
and  concomitant  decrease  in  cell  in  G  2 
phase,  indicate  cell  cycle  arrest  in  G1 
phase  (Figure  9). 

Aim  3:  To  evaluate  the  expression  of 

P-catenin  and  PKD1  proteins  in 
progressive  human  prostate  cancer: 

Our  preliminary  IHC  studies 
demonstrate  that,  in  addition  to 
downregulation  of  p-catenin  in  human 
prostate  cancer  compared  to  benign 
glands,  there  is  a  decreased  expression 
of  p-catenin  in  prostatic  intraepithelial 
neoplasia  in  a  small  subset  of  our  study 
patients  and  an  increased  nuclear 


Figure  9.  Cell  cycle  analysis:  C4-2.GFP  and  C4- 
2.PKD1.GFP  cells  were  stained  with  propidium 
iodite  and  cell  cycle  distribution  was  assessed  by 
fluorescence  activated  cell  sorting  (FACS)  analysis 
of  DNA  content. 
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Figure  8:  Inhibition  of  PKD1  on  (3- 
catenin  subcellular  localization. 
Bryostatin  1  treated  C4-2 -PKD  1-GFP 
cells  were  transfected  with  a  PKD1 
silencing  siRNA  and  stained  for  (3- 
catenin  and  p230  antibodies.  (3- 
catenin  shows  strong  membrane 
localization  and  perinuclear 
localization  in  control  siRNA 
transfected  cells,  whereas  PKD1 
silenced  cells  showed  punctuate 
membrane  staining  and  does  not 
show  perinuclear  staining. 
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staining  in  high  Gleason  grade  prostate  cancer.  This  suggests  an  involvement  of  fl-cal.cn  in  and  the  Wnt 
signaling  pathway  in  prostate  cancer. 

We  have  evaluated  PKD1  and  (1-catenin  protein  expression  in  human  prostate  cancer  tissues  utilizing 
IHC  (Vector  Elite  ABC  kit).  The  cases  and  controls,  matched  one-to-one  on  the  basis  of  patient  age 
and  year  of  biopsy,  were  included  in  this  study.  We  have  successfully  collected  50  prostate  cancer 
patient  sample  for  analysis  by  iminuno  histochemistry  (IHC).  Initial  experiments  were  done  to 
standardize  the  staining  technique  with  Vector  Elite  ABC  kit,  as  proposed.  However,  the  staining  was 
not  very  effective  (Figure  10).  We  have  standardized  staining  procedure  with  the  Mach2  kit  to  yield 
better  results  and  plan  using  this  kit  for  IHC  staining  of  human  prostate  cancer  tissues  for  PKD1  and  (1- 
catenin  protein  expression  and  correlated  with  serum  PSA,  to  identify  a  potential  role  for  these 
proteins  as  biomarkers. 

Plan  for  next  year: 

Generation  of  stable  C4-2  cells  over  expressing  PKD1  mutant  constructs:  In  the  next  cycle,  we 
plan  to  generate  stable  transfects  using 
retroviral  system  as  suggested  in  the 
diagram  below  (Figure  11).  The 
retroviral  system  is  a  high  efficiency 
method  for  generation  of  stably 
transfected  cell  lines  that  has  been  in  use 
for  many  years.  PKD1  mutant  DNA 
previously  cloned  in  pEGFP  vector  will 
be  used  to  generate  retroviral  constructs 
in  pRetroQ.AcGFP.Nl  vector.  The 
desired  fragment  will  be  isolated  after 
double  digestion  with  specific  restriction 
enzyme  and  ligated  into  linearized  retro 
viral  vector.  These  viral  vectors  would 
be  used  to  transfect  special  HEK  cells 
(Phoenix)  capable  of  producing  gag-pol 
and  envelope  protein.  Supernatant  from 
these  cells  containing  retroviral  particles 
packed  with  the  retroviral  plasmid 
containing  the  gene  of  interest  will  be 
collected,  filtered  and  used  to  infect  C4- 
2  cells  to  generate  homogenous  stable 
transfects.  Once  the  stable  transfects  are 
isolated,  the  interaction  of  PKD1-GFP 
mutant  constructs  with  P-catenin  will  be 
analyzed  by  immunoprecipitation 
assays,  using  P-catenin  and  GFP  specific 
antibodies  as  described  previously. 

Additionally,  the  effect  of  the  different 
constructs  on  P-catenin  transcription 
activity  will  be  analyzed. 


Purify  pEGFP  vector  containing  PKD1  mutant  and  retroviral  vector 
pRetro  QAc  G  FP 1  -N 1 
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1 
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Figure  11:  Schematic  representation  for  the  generation  of  s 
transfects  with  retro  virus.  PKD 1  mutant  DNA  previously  clor 
pEGFP  vector  will  be  used  to  generate  retroviral  construe 
pRetroQ.AcGFP.Nl  vector.  These  viral  vectors  would  be  us 
transfect  F1EK  cells  (Phoenix)  to  generate  retroviral  particles  p; 
with  the  retroviral  plasmid  containing  the  gene  of  interest.  The 
particles  will  be  used  to  infect  C4-2  cells  to  generate  homogi 
stable  transfects. 
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Generation  of  Effect  of  PKD1  mutant  constructs  B-catenin  transcription:  We  will  investigate 
the  effect  of  PKD 1  mutants  on  p-catenin  mediated  transcriptional  activity  and  proliferation  in 
prostate  cancer  cells.  To  investigate  the  effect  of  PKD1  mutants  on  p-catenin  mediated 
transcriptional  activation  of  TCF,  we  transfected  plasmids  containing  a  wild  type  TCF-binding 
site  (TOPFlash)  or  a  mutated  site  as  a  negative  control  (FOPFlash)  with  pRL-TK  ( Renilla 
luciferase)  in  C4-2-PKD1-GFP  cells  activated  with  Bryostatin  1  or  DMSO.  The  firefly  and 
Renilla  luciferase  activities  were  measured  with  the  Dual-Luciferase  Reporter  (DLR)  Assay 
System.  After  normalizing  firefly  luciferase  activity  to  that  of  Renilla  luciferase,  the  FOPFlash 
reporter  plasmid  luciferase  values  were  subtracted  from  the  normalized  values  obtained  with  the 
TOPFlash  reporter  plasmid.  This  study  will  determine  site  specific  functions  of  PK 
D1  in  p-catenin  mediated  cellular  signaling. 

Effect  of  activation  of  PKD1  by  Bryostatin  1  on  DNA  damage  induction  and  apoptotic  cell 

death:  Both  parental  C4-2  cells  and  C4-2  cells  transfected  with  PKD1  will  be  seeded  on 
coverslips,  cultured  for  24  hours,  and  treated  with  Bryostatin  1  at  multiple  time  points  (5,  10,  15 
minutes,  etc.)  to  study  the  rate  of  apoptotic  cell  death.  Apoptosis  will  be  assayed  by  TdT- 
mediated  nick  end  labeling  (TUNEL)  by  using  an  in  situ  cell  death  detection  kit  (Promega, 
Madison,  WI).  The  rate  of  apoptosis  of  the  treated  cells  will  be  compared  to  the  controls. 

Modulation  of  the  tumorisenicity  of  prostate  cancer  cells  by  PKD1: 

The  ability  of  PKD  1  to  alter  the  growth  potential  of  prostate  cancer  cells  will  be  assayed  by  the 
classic  transformation  parameter  of  anchorage-dependent  growth  in  soft  agar.  The  assay  will  be 
conducted  as  previously  described  (4)  with  some  modifications.  Briefly,  2.5x10  cells  will  be 
suspended  in  I  ml  RPMI  containing  a  final  concentration  of  0.4%  agar  and  10%  FBS.  The  cells 
will  be  plated  on  top  of  a  solidified  layer  of  0.6%  agar  in  six  well  plates.  The  numbers  of  colonies 
will  be  scored  at  day  15  and  photographed 
using  a  phase  microscope.  In  addition  to  in 
vitro  studies  we  will  perform  in 
tumorigenicity  assay  using  mouse  xenograft 
model.  Male  athymic  Swiss  Webster  nude 
mice,  aged  6  to  8  weeks  will  be  obtained  from 
Jackson  laboratories.  We  have  already  been 
able  to  optimize  conditions  for  development 
of  tumor  with  injection  of  C4-2  cells 
subcutaneously  (Figure.  12).  Prostate  cancer 
cells  with  vector,  PKD1  over-expressing  and 
PKD1  silenced  will  be  used  for  tumor 
development.  At  the  end  of  the  experiments 
all  tumors  will  be  dissected,  measured,  weighed  and  specimen  saved  at  -80°C  for  correlative 
studies. 

Effect  of  PKD1  expression  influences  motility  and  invasion  of  prostate  cancer  cells:  The  effect 
of  PKD  1  expression  on  motility  will  be  studied  by  in  vitro  motility  assays  as  described  in  our 
prior  publication  (2).  We  anticipate  increased  cell  motility  in  the  PKD1  knockdown  as  compared 
to  controls. 


Figure  12:  Animal  model  of  C4-2  prostate  cancer. 
Athymic  nice  mice  were  injected  with  25x1 06  C4-2  cells 
subcutaneously.  The  blue  ring  shows  the  tumor  that 
developed  with  C4-2  cells. _ 
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Curcumin  a  new  PKD  modulator:  During  this  current  year,  we  investigated  the  effect  of  many 
natural  compounds  that  can  modulate  prostate  cancer  cells  growth  and  investigated  the  effects  of 
these  on  P-catenin  transcription  activity.  Our 
investigation  with  curcumin  demonstrated  that 
it  can  attenuates  P-catenin  transcription 
activity  in  prostate  cancer  cells  and  can  also 
modulate  the  expression/activation  of  PKD1 
(Figure  13).  These  results  suggest  a  novel 
molecular  mechanism  of  curcumin  related 
suppression  of  prostate  cancer  cells  growth 
through  modulation  of  PKD  1 . 
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Figure  13:  Curcumin  modulates  (A)  PKD1 

phosphorylation  and  (B)  P-catenin  transcription  activity. 
Treatment  of  C4-2  cells  or  C4-2  cells  over  expressing 
PKD  1. GPP  with  curcumin  showed  increase  in  PKD1 
phosphorylation  by  60  min.  We  also  detected  a  ~50% 
reduction  in  P-catenin  transcription  activity  (B). 


In  addition,  we  investigated  the  effect  of 
PKD1  overexpression  in  a  cancer  cell  line 
model  on  gene  expression  within  these  cells. 

Our  results  show  modulation  of  a  number 
of  different  genes,  five  of  the  highest 
modulated  RNAs  are  shown  (Figure.  14).  It 
is  very  likely  that  similar  sets  of  genes  are 
modulated  by  PKD1  in  prostate  cancer 
cells.  We  would  explore  this  in  prostate 
cancer  in  vitro  and  in  vivo  model. 

Key  Research  Accomplishments:  During 
2008-10  funding  period  we  made 
considerable  progress  on  our  grant  proposal 
and  published  one  paper  in  Molecular 
Cancer  Therapeutics.  Our  research  findings 
were  considered  for  highlight  and  appeared 
on  cover  page  (cover  illustration,  MCT 
September  2008,  volume  7).  Along  with 
publication  few  more  papers  were  published  from  our  group.  In  next  funding  cycle  we  are 
expected  to  make  progress  on  remaining  specific  aims  and  to  have  couple  more  publications.  In 
brief,  in  2008-10  funding  period  we  have  investigated  the  effect  of  Bryostatin  1  on  PKD1 
expression,  P-catenin  transcription,  cell  proliferation,  and  cellular  aggregation.  In  this  study  we 
examined  the  effect  of  Bryostatin  1  treatment  on  PKD1  activation,  P-catenin  translocation  and 
transcription  activity  and  malignant  phenotype  of  prostate  cancer  cells.  Initial  activation  of 
PKD1  with  Bryostatin  1  leads  to  colocalization  of  the  cytoplasmic  pool  of  p-catenin  with  PKD1, 
trans-Golgi  network  markers  and  proteins  involved  in  vesicular  trafficking.  Activation  of  PKD  1 
by  Bryostatin  1  decreases  nuclear  P-catenin  expression  and  P-catenin/TCF  transcription  activity. 
Activation  of  PKD1  alters  cellular  aggregation  and  proliferation  in  prostate  cancer  cells 
associated  with  subcellular  redistribution  of  E-cadherin  and  p-catenin.  For  the  first  time,  we  have 
identified  Bryostatin  1  modulates  P-catenin  signaling  through  PKD1,  which  identifies  a  novel 
mchansim  to  improve  efficacy  of  Bryostatin  1  in  clinical  setting.  We  also  explored  the  effect  of 
transient  overexpression  of  various  PKD1  mutant  constructs  on  proliferation,  colony  formation 
cell  motility.  Our  experiments  suggest  important  role  for  Clb  domain  for  proliferation  and 


Figure  14.  PCR-micro  array  data:  PKD  1  overexpression  modulates 
expression  of  some  key  tumor  associated  genes.  PCR  microarray 
analysis  was  done  using  PKD1.GFP  overexpressing  cancer  cells. 
Incomparison  to  GFP  vector  control  cells,  we  observe  dramatic 
changes  in  some  key  genes  as  represented  above. 
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colony  formation  and  the  N-terminal  region  for  cell  motility.  We  would  like  to  explore  this 
further  using  stably  transfected  cell  lines.  Also,  in  collaboration  with  Dr.  Chauhan,  we  have  been 
able  to  standardize  condition  for  generation  of  C4-2  tumor  xenograft  in  nude  mice.  We  will  use 
this  model  for  further  studies. 

Reportable  Outcomes: 

•  Published  one  paper  in  Molecular  Cancer  Therapeutics.  Our  research  findings  were 
considered  for  highlight  and  appeared  on  cover  page  (cover  illustration,  MCT  September 
2008,  volume  7). 

•  In  2009-2010,  we  have  published  six  papers  and  seven  abstracts. 

•  For  the  first  time,  we  have  identified  Bryostatin  1  modulates  P-catenin  signaling  through 
PKD1. 

•  For  the  first  time,  we  have  shown  that  curcumin  modulated  PKD1  activation  and 
subsequent  P-catenin  transcription  activity. 

Publication  in  year  2008-2010: 

Yallapu  MM.,  Jaggi  M,  and  Chauhan  SC  .p-Cyclodextrin-Curcumin  Self-assembly  Enhances 
Curcumin  Delivery  in  Prostate  Cancer  Cells.  Colloids  and  Surfaces  B:  Biointerfaces  (In 
Press) 

Yallapu  MM.,  Jaggi  M,  and  Chauhan  SC*.  Poly(P-cyclodextrin)-Curcumin  Self-assembly  :  A 
Novel  Approach  to  Improve  Curcumin  Delivery  and  its  Therapeutic  Efficacy  in  Prostate 
Cancer  Cells.  Macromolecular  Bioscience  (In  Press) 

Yallapu  MM.,  Maher  DM.,  Sundram  V.,  Jaggi  M,  and  Chauhan  SC.  Curcumin  induces 
chemo/radio-sensitization  in  ovarian  cancer  cells  and  curcumin  nanoparticles  inhibit 
ovarian  cancer  cell  growth.  Journal  of  Ovarian  Research  (In  Press) 

Chauhan  SC.,  Kumar  D.  and  Jaggi  M.  Mucins  in  ovarian  cancer  diagnosis  and  therapy.  Journal 
of  Ovarian  Research  2009  Dec  24;2(1):21) 

Chauhan  SC,  Jaggi  M,  Bell  MC,  Verma  M,  Kumar  D.  Epidemiology  of  Human  Papilloma  Virus 
(HPV)  in  Cervical  Mucosa.  Methods  Mol  Biol.  2009;47 1 :439-56. 

Chauhan  SC.,  Vannatta  K.,  Ebeling  MC..,  Vinayek  N.,  Watanabe  A.,  Pandey  KK.,  Maher  D., 

Bell  MC.,  Koch  MD.,  Aburatani  H.,  Lio  Y.  and  Jaggi  M.  Expression  and  in  vitro  functions 
of  transmembrane  mucin  MUC13  in  ovarian  cancer.  Cancer  Research  2009;69(3)  165-11 A 
Jaggi  M.,  Du  C.,  Zhang  C.  and  Balaji  KC.  Protein  kinase  D1  (PKD1)  mediated  phosphorylation 
and  subcellular  localization  of  P-catenin.  Cancer  Research  2009;69(3)  (1&2  equal 
contribution) 

Jaggi  M*.,  Chauhan  SC.,  Du  C.  and  Balaji  KC.  Bryostatin  modulates  P-catenin  subcellular 
localization  and  transcription  activity  through  protein  kinase  D1  activation.  Molecular 
Cancer  Therapeutics  2008;7(9):2703-12  (Cover  illustration) 

Paul  M.,  Jaggi  M.,  Viqar  S.,  Chauhan  SC.,  Hassan  S.,  Biswas  H.,  Balaji  K.C.  Protein  kinase  D1 
(PKD1)  influences  androgen  receptor  (AR)  function  in  prostate  cancer  cells.  Biochemical 
and  Biophysical  Research  Communications  2008  Sep  373:618-23. 
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Hughes  JE.,  Chauhan  SC.,  and  Jaggi  M.  Protein  kinase  D1  attenuates  tumorigenesis  in  SW  480 
colon  cancer  cells  by  modulation  [3-catenin/T  cell  factor  activity.  3rd  International 
Symposium  on  Translational  Cancer  Research  December  18-21,  2009,  Bhubaneshwar, 
Orissa,  India. 

Sundram  V.,  Chauhan  SC.  and  Jaggi  M.  Curcumin  suppresses  prostate  cancer  cells  through 
modulation  of  P-catenin  and  protein  kinase  Dl.  101  AACR  Annual  Meeting  2010, 
Washington  DC. 

Prakash  Preethi.,  Freiz  MH.,  Bohlmeyer  T.,  Koch  MRD.,  Chauhan  SC.,  Jaggi  M. 
Downregulation  of  Protein  Kinase  Dl  in  hepatocellular  carcinoma  (HCC):  Potential  as  a 
diagnostic/prognostic  molecular  marker.  101  AACR  Annual  Meeting  2010 ,  Washington 
DC. 

Ebeling  MC.,  Jaggi  M.  and  Chauhan  SC.  Role  of  MUC13  mucin  in  pancreatic  cancer  diagnosis 
and  pathogenesis.  3rd  International  Symposium  on  Translational  Cancer  Research 
December 18-21,  2009,  Bhubaneshwar,  Orissa,  India. 

Chauhan  SC.,  Ebeling  MC.,  Maher  DM.,  Koch  MRD.,  Friez  MH.  4,  Watanabe  A.,  Aburatani 
Hiroyuki.,  Lio  Y.,  Pandey  KK  and  Jaggi  M.  MUC13  mucin  augments  pancreatic 
tumorigenesis.  101  AACR  Annual  Meeting  2010,  Washington  DC 

Maher  D.,  Yallapu  MM.,  Sundram  V.,  Bell  MC.,  Jaggi  M.,  Chauhan  SC.  Curcumin  induces 
chemo/radio-sensitization  in  ovarian  cancer  cells  and  curcumin  nanoparticles  inhibit 
ovarian  cancer  cell  growth.  101  AACR  Annual  Meeting  2010 ,  Washington  DC. 

Yallapu  MM.,  Jaggi  M.,  Chauhan  SC.  Design  of  P-cyclodextrin-curcumin  self-assembly:  A  new 
approach  for  enhanced  curcumin  delivery  and  therapeutic  efficacy  in  prostate  cancer  cells. 
101  AACR  Annual  Meeting  2010,  Washington  DC. 


Conclusions: 

•  Bryostatin  1  treatment  modulates  PKD1  expression,  cell  proliferation,  and  cellular 
aggregation  and  alters  P-catenin  translocation  and  transcription  activity. 

•  Initial  activation  of  PKD 1  with  Bryostatin  1  leads  to  colocalization  of  the  cytoplasmic 
pool  of  P-catenin  with  PKD1,  trans-Golgi  network  markers  and  proteins  involved  in 
vesicular  trafficking. 

•  Activation  of  PKD  1  by  Bryostatin  1  decreases  nuclear  P-catenin  expression  and  thereby 
suppresses  P-catenin/TCF  transcription  activity. 

•  For  the  first  time,  we  have  identified  Bryostatin  1  modulates  P-catenin  signaling  through 
PKD1. 

•  We  have  identified  curcumin  as  molecule  that  can  be  effectively  used  for  controlling 
prostate  cancer.  We  have  shown  for  the  first  time  that  curcumin  modulated  PKD1 
activation  and  subsequent  P-catenin  transcription  activity. 

•  We  have  standardized  method  to  generate  xenograft  C4-2  tumors  in  null  mice.  These  can 
now  be  used  for  further  studies. 

•  We  have  collected  50  prostate  cancer  samples  and  have  standardized  technique  for 
effective  IHC  staining.  We  will  use  this  procedure  to  probe  the  use  of  PKD  1  and  or  P- 
catenin  as  cancer  molecular  markers. 
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OBJECTIVE:  Prostate  cancer  is  the  most  commonly  diagnosed  cancer  in  males  in  the  US.  One  in  every  6th  male  will  be 
diagnosed  with  prostate  cancer  this  year.  Understanding  the  molecular  basis  of  prostate  cancer  progression  can  serve  as  a 
tool  for  early  stage  diagnosis  and  development  of  novel  treatment  strategies  for  this  disease.  Inappropriate  activation  of 
p-catenin  signaling  is  linked  to  a  wide  range  of  cancers,  including  prostate  cancer,  resulting  in  transcription  of  genes  involved 
in  cancer  progression  such  as  c-Myc,  c-Jun  and  cyclin  Dl.  However,  strategies  to  regulate  this  specific  signaling  pathway  are 
very  limited  or  not  well  developed.  Synthetic  or  natural  products  which  regulate  this  signaling  pathway  can  be  developed  as  a 
novel  therapeutic  modality  for  prostate  cancer  treatment.  Curcumin,  the  active  ingredient  of  turmeric,  has  shown  anti-cancer 
properties  via  modulation  of  a  number  of  different  molecular  pathways.  Herein,  we  have  investigated  a  putative  molecular 
mechanism  involved  in  curcumin  mediated  suppression  of  prostate  cancer  cell  growth  and  the  effect  of  curcumin  on  prostate 
cancer  cells  growth  and  its  effect  on  p-catenin  transcription  activity. 

MATERIALS  AND  METHODS:  Cellular  characteristics  of  the  C4-2  prostate  cancer  cells  were  measured  using  anchorage 
independent  growth,  anchorage  dependent  growth,  motility,  and  proliferation  assays.  p-catenin/T  cell  factor  (TCF) 
transcription  activity  was  measured  by  luciferase  reporter  assays  using  reporter  constructs  Topflash  or  Fopflash  and  pRL-TK 
(Renilla  luciferase).  The  Luciferase  activities  were  assayed  using  the  Dual  Glo  reagent  (dual  reporter  assay,  Promega, 
Madison,  WI).  Subcellular  localization  ofProtein  Kinase  Dl  (PKD1)  and  p-cntenin  was  determined  by  confocal  microscopy. 
RESULTS:  Our  results  demonstrate  that  curcumin  effectively  suppresses  prostate  cancer  cell  growth,  proliferation  and 
cellular  motility.  In  the  luciferase  assays,  curcumin  treatment  diminished  P-catenin  transcription  activity  in  C4-2  prostate 
cancer  cells.  Moreover,  curcumin  treatment  influences  the  translocation  of  p-catenin  from  the  nucleus  to  the  cell  surface 
membrane.  Interestingly,  the  suppression  of  p-catenin  transcription  activity  was  correlated  with  the  modulation  PKD1 
expression/phosphorylation  within  1-3  hrs  post-curcumin  treatment. 

CONCLUSION:  These  results  suggest  that  curcumin  treatment  attenuates 

p-catenin  transcription  activity  in  prostate  cancer  cells  via  modulating  the  expression/activation  of  PKD1.  These  results 
suggest  a  novel  molecular  mechanism  of  curcumin  related  suppression  of  prostate  cancer  cell  growth. 
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OBJECTIVE:  Protein  Kinase  D1  (PKD1)  plays  an  important  role  in  several  cellular  processes  such  as  cell  proliferation, 
oxidative  stress  signaling,  adhesion  and  motility.  PKD1  is  of  particular  interest  in  diagnosis,  prognosis  and  treatment  of 
human  diseases  because  of  its  enzymatic  activity  and  susceptibility  to  successful  therapeutic  targeting.  In  our  earlier  study 
we  have  demonstrated  suppression  of  PKDI  expression  in  advance  stage  prostrate  cancer.  Tin's  led  us  to  analyze  PKD1 
expression  patterns  in  various  other  cancer  tissue  samples. 

MATERIAL  AND  METHODS:  Tissue  microarrays  containing  various  cancer  samples  with  corresponding  normal  tissues  were 
used  to  investigate  the  expression  profile  of  PKDI  using  immunohistochemistry  (Biocare  Medical,  Concord,  CA).  Further 
studies  on  PKDI  expression  profile  in  hepatocellular  carcinoma  (HCC)  were  carried  out  using  tissue  microarray  (TMA) 
containing  HCC  samples  (n=70)  with  normal  tissues  (n=4)  and  a  HCC  TMA  with  hepatitis  B  viral  history  (HBV)  containing 
HCC  samples  (n=IOO)  with  normal  tissues  (n=4)  (AccuMax  Array).  Immunostaining  was  graded  by  two  independent 
pathologists.  Intensity  and  extent  of  staining  scores  were  multiplied  to  obtain  the  composite  score  (CS)  of  each  sample. 
RESULT:  Differential  expression  pattern  of  PKDI  was  observed  in  brain,  skin,  lung,  kidney,  thyroid  and  ovarian  cancer 
samples.  Along  with  stomach  and  colon  cancer,  HCC  samples  showed  a  marked  downregulation  of  PKDI  expression 
compared  to  their  respective  normal  tissues.  PKDI  expression  profile  was  further  evaluated  in  a  large  cohort  of  HCC 
samples.  Overall,  HCC  samples  showed  a  significant  (p>0.05)  downregulation  (Mean  CS=6.G)  of  PKDI  expression 
compared  to  normal  liver  samples  (Mean  CS=1 1.4).  Among  cancer  samples,  advanced  stage  samples  showed  a  relatively 
lower  PKDI  expression  (Mean  CS=5.4)  compared  to  early  stage  (Mean  CS=6.6)  HCC  samples.  Similarly,  advance  stage 
HCC  samples  with  HBV  showed  a  low'er  PKDI  expression  (Mean  CS=6.9)  compared  to  early  stage  samples  (Mean  CS=9.6) 
and  non  neoplastic  samples  (Mean  CS=12). 

CONCLUSION:  The  results  of  this  study  suggest  suppression  of  PKDI  expression  in  HCC.  In  view  of  the  limitations  of  the 
available  diagnostic/prognostic  studies  for  detection  ofHCC,  the  aberrant  expression  of  PKDI  may  serve  as  a  novel 
biomarker  for  the  diagnosis/prognosis  of  hepatocellular  carcinoma. 
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Background:  Chemo/radio-resistance  is  a  major  obstacle  in  treating  advanced  ovarian  cancer.  The  efficacy  of  current 
treatments  may  be  improved  by  increasing  the  sensitivity  of  cancer  cells  to  chemo/radiation  therapies.  Curcumin  is  a 
naturally  occurring  compound  with  anti-cancer  activity  in  multiple  cancers;  however,  its  chemo/radio-sensitizing  potential  is 
not  well  studied  in  ovarian  cancer.  Herein,  we  demonstrate  the  chemo/radio-sensitizing  potential  of  curcumin  in  a  cisplatin 
resistant  ovarian  cancer  cell  line  model.  Additionally,  due  to  suboptimal  pharmacokinetics  and  low  uptake  of  curcumin  in 
tumors  in  vivo,  we  developed  a  curcumin  nanoparticle  formulation  to  improve  its  therapeutic  efficacy. 

Methods:  Cisplatin  resistant  A2780CP  ovarian  cancer  cells  were  pre-treated  with  curcumin  followed  by  exposure  to 
cisplatin  or  radiation  and  the  effect  on  cell  growth  was  determined  by  MTS  and  colony  formation  assays.  The  effect  of 
curcumin  pre-treatment  on  the  expression  of  apoptosis  related  proteins  and  [i-entenin  was  determined  by  Western  blotting  or 
Flow  Cytometry.  A  lucifemse  reporter  assay  was  used  to  determine  the  effect  of  curcumin  on  (3-catenin  transcription 
activity.  The  poly(lactic  acid-co-glycolic  acid)  (PLGA)  nanoparticle  formulation  of  curcumin  (Nano-CUR)  was  developed 
by  a  modified  nano-precipitation  method  and  physico-chemical  characterization  was  performed  by  transmission  electron 
microscopy  and  dynamic  light  scattering  methods. 

Results:  Curcumin  pre-treatment  considerably  reduced  the  dose  of  cisplatin  and  radiation  required  to  inhibit  the  growth  of 
cisplatin  resistant  ovarian  cancer  cells.  During  the  6  lire  pre-treatment,  curcumin  down  regulated  the  expression  of  Bc]-Xl 
and  Mcl-I  pro-survival  proteins.  Curcumin  pre-treatment  followed  by  exposure  to  low  doses  of  cisplatin  increased  apoptosis 
as  indicated  by  annexin  V  staining  and  cleavage  of  caspase  9  and  Poly  (ADP-ribose)  polymerase  (PARP).  Additionally, 
curcumin  pre-treatment  lowered  p-catenin  expression  and  transcriptional  activity.  Physico-chemical  characterization  of 
Nano-CUR  indicated  an  average  particle  size  of  ~70  nm,  steady  release  of  curcumin  over  a  period  of  18  days  and  antibody 
conjugation  characteristics.  The  Nano-CUR  formulation  also  effectively  inhibited  the  growth  of  ovarian  cancer  cells. 
Conclusion:  Curcumin  pre-treatment  enhances  chemo/radio-sensitization  in  A2780CP  ovarian  cancer  cells  through  multiple 
molecular  mechanisms.  Therefore,  curcumin  pre-treatment  may  effectively  improve  ovarian  cancer  therapeutics.  A  targeted 
PLGA  nanopurticle  formulation  of  curcumin  is  feasible  and  may  improve  the  in  vivo  therapeutic  efficacy  of  curcumin. 
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Pancreatic  cancer  is  one  of  the  most  lethal  malignancies  with  extremely  poor  prognosis.  The  high  death  rate  of  pancreatic 
cancer  is  attributed  to  a  lack  of  reliable  methods  of  early  diagnosis  and  underlying  molecular  mechanisms  associated  with 
aggressive  pathogenesis.  MUC13,  a  newly  identified  transmembrane  mucin,  is  known  to  be  aberrantly  expressed  in  ovarian, 
gastric  and  colon  cancer.  However,  the  expression  and  functions  ofMUC13  in  pancreatic  cancer  are  unknown.  Herein,  we 
have  investigated  the  expression  and  functions  of  MUC13  mucin,  in  pancreatic  cancer  to  determine  its  potential  for  early 
cancer  diagnosis  and  its  role  in  pancreatic  cancer  pathogenesis.  The  expression  profile  of  MUC  13  in  pancreatic  cancer  was 
investigated  using  a  recently  generated  monoclonal  antibody  (MAb,  clone  PPZ0020)  and  pancreatic  tissue  microarrays.  The 
expression  of  MUC13  was  significantly  (p<0.005)  higher  in  cancer  samples  compared  to  the  normal/non-neoplastic 
pancreatic  tissues.  For  the  functional  analyses,  a  full  length  MUC13  gene  cloned  in  pcDNA3.1  was  expressed  in  MUC13  null 
pancreatic  cancer  cell  lines,  MiaPaca  and  Panel.  The  exogenous  MUC  13  expression  induced  morphological  changes, 
including  scattering  of  cells.  These  changes  were  abrogated  through  c-jun  NH2-terminal  kinase  (JNK)  chemical  inhibitor 
(SP600125)  or  JNK2  siRNA.  Additionally,  a  marked  reduction  in  cell-cell  adhesion  and  significant  (p<0.05)  increases  in  cell 
motility,  invasion,  proliferation,  clonogenicity  and  tumorigenesis  in  a  xenograft  mouse  model  system  were  observed  upon 
exogenous  MUC13  expression.  These  cellular  characteristics  were  correlated  with  the  up-regulation  of  HER2,  p21-nctivnted 
kinasel  (PAK1),  extracellular  signal-regulated  kinase  (ERK)  and  S100A4  (metastasin)  and  suppression  of  p53.  Inhibition  of 
MUC13  expression  by  MUC1 3  siRNA  or  shRNA  resulted  in  suppression  of  tumorigenic  characteristics  in  FLPAFIl  pancreatic 
cancer  cells.  These  results,  for  the  first  time,  suggest  that  MUC13  expression  augments  pancreatic  cancer  progression  and  has 
potential  as  a  diagnostic  and/or  therapeutic  target. 
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Abstract  Curcumin  (CUR),  a  hydrophobic  polyphenotic  compound  derived  from  the  rhizome  of  the  herb  Curcuma  longa,  has  shown  a 

Body:  wide  range  of  biological  applications  including  cancer  prevention  and  treatment.  However,  low  water  solubility,  poor 

pharmacokinetics  and  suboptimal  tumor  uptake,  greatly  hamper  its  anti-cancer  efficacy.  This  study  wus  designed  to  develop  a 
novel  p-cyclodextrin-curcumin  (CD-CUR)  self-assembly  approach  for  sustained  release  and  improved  curcumin  delivery  in 
prostate  cancer  cells.  Cyclodextrin-curcumin  self-assemblies  were  prepared  by  solvent  evaporation  technique.  The  formation 
of  self-assemblies  was  evaluated  by  Fourier  Transform  Infra-red  (FTIR),  Differential  Scanning  Calorimetry  (DSC),  Thermo- 
gravimetric  Analysis  (TGA),  Scanning  and  Transmission  Electron  Microscopic  (SEM/TEM)  analyses.  Intracellular  uptake  of 
these  self-assemblies  was  evaluated  by  Flow  cytometry  and  immunofluorescence  microscopy  analyses.  Therapeutic  efficacy 
of  these  self-assemblies  was  determined  by  cell  proliferation  and  colony  formation  assays  using  C4-2,  DU145,  LNCaP  and 
PC3  prostate  cancer  cells.  The  effect  of  CD-CUR  formulation  on  apoptosis  related  proteins  was  determined  by 
immunobiotting.  Physico-chemical  characterization  analyses  confirm  the  formation  of  CD-CUR  self-assemblies,  which 
demonstrated  excellent  stability  and  solubility  in  physiological  solutions  and  showed  enhanced  intracellular  uptake  in  cells. 
Additionally,  CD-CUR  formulation  has  exhibited  an  improved  therapeutic  efficacy  and  enhanced  PARP  cleavage  in  prostate 
cancer  cells  compared  to  free  curcumin.  In  conclusion,  CD-CUR  self-assemblies  enhance  intracellular  delivery  ofactive 
curcumin  in  prostate  cancer  cells  and  improved  its  therapeutic  efficacy.  This  study  suggests  that  CD-CUR  self-assembly  may 
be  a  useful  nanoscale  formulation  for  improved  curcumin  deliver}'  in  prostate  cancer  cells.  Tumor  specific  antibody  targeted 
CD-CUR  formulation  can  further  improve  the  in  vivo  delivery  of  curcumin  in  prostate  tumors. 
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Abstract 


Curcumin,  a  hydrophobic  polyphenolic  compound  derived  from  the  rhizome  of  the  herb 
Curcuma  longa,  possesses  a  wide  range  of  biological  applications  which  includes  cancer  therapy. 
However,  its  prominent  application  in  cancer  treatment  is  limited  due  to  sub-optimal 
phannacokinetics  and  poor  bioavailability  at  the  tumor  site.  In  order  to  improve  its  hydrophilic 
and  drug  delivery  characteristics,  we  have  developed  a  P-cyclodextrin  (CD)  mediated  curcumin 
drug  delivery  system  via  encapsulation  technique.  Curcumin  encapsulation  into  the  CD  cavity 
was  achieved  by  inclusion  complex  mechanism.  Curcumin  encapsulation  efficiency  was 
improved  by  increasing  the  ratio  of  curcumin  to  CD.  The  fonnations  of  CD-curcumin  complexes 
were  characterized  by  Fourier  Transfonn  Infra-red  (FTIR),  Differential  Scanning  Calorimetry 
(DSC),  Thermo-gravimetric  Analysis  (TGA),  Scanning  Electron  Microscope  (SEM),  and 
Transmission  Electron  Microscope  (TEM)  analyses.  An  optimized  CD-curcumin  complex 
(CD30)  was  evaluated  for  intracellular  uptake  and  anti-cancer  activity.  Cell  proliferation  and 
clonogenic  assays  demonstrated  that  P-cyclodextrin-curcumin  self-assembly  enhanced  curcumin 
delivery  and  improved  therapeutic  efficacy  of  curcumin  in  prostate  cancer  cells  compared  to  free 
curcumin. 

Key  words:  Curcumin,  natural  drug,  inclusion  complex,  drug  delivery,  cellular  uptake,  cancer 
therapy 


1.  Introduction 


The  incidence  of  prostate  cancer  is  much  higher  in  males  in  Western  countries  (>  60.6  cases  per 
100,000)  compared  to  Asian  countries  (<  5-10  cases  per  100,000)  [1,  2],  The  current  treatment 
for  prostate  cancer  is  a  combination  of  surgery,  radiation,  and  chemotherapy  [3].  Clinically  used 
therapeutic  agents,  such  as  mitoxantrone,  estramustine,  doxorubicin,  etoposide,  vinblastine, 
paclitaxel,  carboplatin,  vinorelbine,  or  combination  drugs  and  anti-androgens,  arrest  the  cancer 
growth  and  reduce  symptoms,  which  ultimately  improves  quality  of  life  [4-8].  All  these 
chemotherapeutic  agents,  however,  have  shown  enormous  toxicity  to  nonnal  organs  that  leads  to 
severe  side  effects  [4-6].  In  addition,  most  of  the  chemotherapeutic  agents  may  not  kill  all 
prostate  cancer  cells  and  their  repeated  administration  develops  drug  resistance  or  androgen 
refractory  stage  which  is  most  difficult  to  cure  [9],  Therefore,  an  urgent  need  exists  to  develop 
new  classes  or  better  drug  formulations  to  treat  prostate  cancer  which  have  fewer  side  effects  to 
nonnal  organs. 

Curcumin  (CUR),  bis(4-hydroxy-3-methoxyphenyl)-l,6-diene-3,5-dione,  is  a  low  molecular 
weight  polyphenol  yellow  compound  derived  from  the  rhizome  of  the  plant  Curcuma  Longa 
Linn.  It  has  been  widely  used  in  traditional  Ayurvedic  and  Chinese  medicine  since  the  second 
millennium  BC.  Curcumin  has  a  wide  range  of  pharmacological  applications  such  as  anti¬ 
inflammation,  anti-human  immunodeficiency  virus,  anti-microbial,  anti-oxidant,  anti-parasitic, 
anti-mutagenic  and  anti-cancer  with  low  or  no  intrinsic  toxicity  [10-14].  Curcumin  is  a  well 
studied  natural  compound  due  to  its  putative  cancer  prevention  and  anti-cancer  activities  which 
are  mediated  through  influencing  multiple  signaling  pathways  [15-20].  The  CUR  inhibitory 
effects  on  protein  kinase  C  [21-23],  epidennal  growth  factor  receptor  tyrosine  kinase  [24,  25] 
and  cytotoxicity  activities  have  been  demonstrated  in  various  human  cancer  cell  lines  [26].  In 


addition,  CUR  induces  cell  cycle  arrest  and/or  apoptosis  and  blocks  nuclear  factor  kappa  B  (NF- 
kB)  activity  which  is  an  important  cellular  target  of  cancer  cells  [27].  Clinical  trials  of  CUR  at  a 
oral  dose  of  up  to  12  g  per  day  for  3  months  report  no  toxicity  issues  [13,  28,  29].  Despite  all 
these  extraordinary  anti-cancer  properties,  curcumin  suffers  from  low  solubility  in  aqueous 
solution  (~  20  pg/mL)  and  undergoes  rapid  degradation  at  physiological  pH  [30]  which  results  in 
low  systemic  bioavailability,  poor  phannacokenitics,  and  greatly  hampers  its  in  vivo  efficacy 
[31]. 

To  improve  CUR  application  as  anti-cancer  agent,  we  need  to  improve  its  stability  and  solubility. 
In  this  regard,  numerous  formulations  based  on  encapsulation  in  polymer  nanoparticles  or 
nanogels  [32,  33],  surfactants  [34,  35],  proteins  [36],  bilayers  [37],  phospholipids  [38],  and 
conjugates  [39]  have  been  generated.  Alternatively,  hydrid  multi-component  soluble  carrier 
system  bearing  non-covalent  bound  drugs  have  been  investigated  [40,  41].  These  systems  not 
only  improve  drug  solubility  and  stability  but  also  provide  drugs  to  the  cancer  cells  in  its  active 
form.  Among  such  carriers,  cyclodextrins  (a-,  [3-,  y-cyclodextrin)  are  widely  used  cyclic  bucket 
shaped  oligosaccharides  linked  by  a-l,4-glycosidic  bond  to  form  macrocycle  [42],  P- 
cyclodextrin  has  been  selected  for  encapsulation  of  curcumin  because  it  is  a  semi-natural  product 
with  extremely  low  toxicity  and  will  enhance  drug  delivery  through  biological  membranes  [43]. 
In  addition,  some  of  the  cyclodextrins  are  approved  by  FDA. 

Therefore,  in  order  to  explore  the  cyclodextrin  carrier  properties  for  delivery  of  curcumin,  we 
prepared  a  self-assembly  of  P-cyclodextrin  and  curcumin  via  inclusion  complex  mechanism  [43] 
in  which  the  cyclomaltoheptaose  structure  acts  as  a  drug  shuttle  while  hydroxyl  groups  of 
cyclodextrin  import  good  solubility  to  the  system.  The  developed  self-assemblies  i.e.,  P- 


cyclodextrin-curcumin  (CD-CUR)  inclusion  complexes  were  confinned  by  spectroscopy  (FTIR, 
1 H-NMR),  thermal  studies  (DSC  and  TGA),  X-ray  diffraction  and  microscopic  studies  (SEM  and 
TEM).  An  improved  intracellular  uptake  of  CD-CURs  by  cancer  cells  was  observed.  The  anti¬ 
cancer  efficacy  of  these  formulations  was  evaluated  by  cell  proliferation  and  clonogenic  assays. 

2.  Materials  and  methods 

2.1.  Materials 

P-cyclodextrin,  curcumin  (>95%  purity,  (E,E)-l,7-bis(4-Hydroxy-3-methoxyphenyl)-l,6- 
heptadiene-3,5-dione),  acetone  (>99.5,  ACS  reagent  grade),  dimethylsulfoxide  (ACS  reagent, 
UV  spectrophotometry  grade,  >99.9%)  were  purchased  from  Sigma  Chemical  Co.  (St  Louis, 
MO,  USA). 

2.2.  Preparation  of  inclusion  complexes 

P-cyclodextrin  (CD)  (40  mg)  was  dissolved  in  8  mL  deionized  (DI)  water  in  a  20  mL  glass  vial 
(Fisher  Scientifics,  Pittsburg,  PA,  USA)  containing  a  magnetic  bar.  To  this  solution,  different 
amounts  of  curcumin  [2  mg  (5%),  4  mg  (10%),  8  mg  (20%)  and  12  mg  (30%)]  in  500  uL  acetone 
were  added  under  stirring  at  400  rpm.  Stirring  was  allowed  without  cap  to  evaporate  the  acetone. 
The  solution  was  stirred  overnight,  centrifuged  at  1000  rpm  for  5  min,  and  a  supernatant 
containing  highly  water  soluble  P-cyclodextrin-curcumin  (CD-CUR)  inclusion  complexes  was 
recovered  by  freeze  drying  (Labconco  Freeze  Dry  System,  Labconco,  Kansas  City,  MO,  USA;  - 
48°C,  133  x  10"  mBar).  The  CD-CUR  inclusion  complexes  were  stored  at  4°C  until  further  use. 
The  resulted  CD-CUR  inclusion  complexes  were  designated  as  CD5,  CD10,  CD20  and  CD30 
based  on  the  %  of  CUR  employed  in  the  preparations. 


2.3.  Determination  of  curcumin  (CUR)  loading 

Accurately  weighted  dry  lyophilized  CD-CUR  inclusion  complexes  were  dissolved  in  1  mL 
dimethylsulfoxide  (DMSO)  to  extract  or  dissolve  CUR  in  DMSO  for  the  loading/encapsulation 
estimations.  The  CD-CUR  inclusion  complex  samples  in  DMSO  were  gently  shaken  on  a  shaker 
(Labnet  S  2030-RC,  RPM  150,  Labnet  International,  Woodbridge,  NJ)  for  24  hrs  at  room 
temperature  in  the  dark.  The  DMSO  containing  inclusion  complex  solutions  were  centrifuged  at 
14,000  rpm  (Centrifuge  5415D,  Eppendorf  AG,  Hamburg,  Germany)  and  supernatant  was 
collected.  Supernatant  (20  pL)  was  diluted  to  1  mL  in  DMSO  and  used  for  the  estimations.  The 
CUR  concentrations  were  detennined  by  a  standard  UV-Vis  spectrophotometer  method  (Biomate 
3,  Thenno  Electron  Corporation,  Hudson,  NH,  USA)  at  450  mn,  as  described  earlier  [32].  A 
standard  plot  of  CUR  in  DMSO  (0-10  pg/mL)  was  prepared  under  identical  conditions.  The 
CUR  loading/encapsulation  was  calculated  as  follows:  CUR  loading  =  (CUR  recovered  in  CD- 
CUR  complex/ CD -CUR  complex  recovered). 

2.4.  Compatibility  of  CD-CUR  inclusion  complexes 

To  determine  compatibility  of  CD-CUR  inclusion  complexes,  an  optical  microscopy  study  was 
perfonned.  For  this  study,  CD  10,  CD20  and  CD30  of  CD-CUR  inclusion  complexes,  CUR  and 
P-cyclodextrin  of  equivalent  concentration  aqueous  solutions  (500  pg/mL)  were  prepared.  Two 
drops  of  these  solutions  were  placed  on  a  glass  slide  and  allowed  to  dry  under  fume  hood 
overnight.  Care  was  taken  to  protect  from  light  and  not  deposit  any  dust  on  glass  slides.  These 
cover  slides  containing  samples  were  analyzed  using  optical  microscopy  (Olympus  BX  41 


microscope  (Olympus,  Center  Valley,  PA,  USA).  All  the  images  were  taken  at  200X 
magnification. 

2.5.  In  vitro  stability  of  CD-CUR  inclusion  complexes 

10  mg  of  curcumin  containing  CD-CUR  inclusion  complexes  (CD5,  CD10,  CD20  and  CD30) 
were  dispersed  in  5  mL  of  physiological  buffer  (1XPBS,  0.01  M  PBS,  pH  7.4).  These 
suspensions  were  incubated  at  37°C  under  gentle  shaking  on  a  shaker  (Labnet  S  2030-RC,  RPM 
150,  Labnet  International,  Woodbridge,  NJ).  Curcumin  retention  was  determined  at  different  time 
intervals.  The  %  curcumin  retention  was  calculated  using  the  following  equation:  %  CUR  retention  = 
[(CUR  in  inclusion  complex  -  Released  curcumin)  /  (CUR  inclusion  complex)]  x  100. 

2.6.  Characterization 

Fourier  Transform  Infrared  (FTIR)  spectroscopy:  FTIR  spectra  of  CD,  CUR  and  CD-CUR 
inclusion  complexes  were  performed  using  a  Smiths  Detection  IlluminatlR  FT-IR  microscope 
(Danbury,  CT,  USA)  with  diamond  ATR  objective.  FTIR  spectra  of  samples  were  acquired  by 
placing  fluffy  powder  on  the  tip  of  the  ATR.  Data  was  acquired  between  4000  -  750  cm"1  at  a 
scanning  speed  of  4  cm"1  and  32  scans.  The  average  of  32  scans  data  was  presented  as  FTIR 
spectra. 

1H- NMR  spectroscopy:  All  spectra  were  recorded  in  DMSO-<A  using  Bruker  Avance  DRX  500 
MHz  NMR  spectrophotometer  (Bruker  BioSpin  Corp.,  Billerica,  MA,  USA).  The  following 
parameters  were  used  during  the  NMR  experiments:  number  of  scans,  64;  relaxation  delay,  1.0s; 
and  pulse  degree,  25°C.  The  chemical  shifts  are  presented  in  terms  of  ppm  with  tetramethylsilane 


(TMS)  as  the  internal  reference. 


Differential  Scanning  Calorimetry  (DSC):  DSC  analysis  of  CD,  CUR  and  CD-CUR  inclusion 
complexes  were  perfonned  using  TA  Instruments  Q200  Differential  Scanning  Calorimeter  (TA 
Instruments,  New  Castle,  Delaware,  USA)  at  The  Applied  Polymer  Research  Center,  The 
University  of  Akron  (Project  #  139-10APRC).  The  cell  constant  calibration  method  was 
employed  to  study  the  DSC  patterns  of  the  samples  from  25°C  to  300°C  at  a  heating  ramp  of 
10°C,  under  a  constant  flow  (100  mL/min)  of  nitrogen  gas. 

Thermo-gravimetric  Analysis  (TGA):  The  thermal  history  of  CD,  CUR  and  CD-CUR  inclusion 
complexes  were  evaluated  on  a  TA  Instruments  Q50  Thermogravimetric  Analyzer  (TA 
Instruments,  New  Castle,  Delaware,  USA)  at  The  Applied  Polymer  Research  Center,  The 
University  of  Akron  (Project  #  139-10APRC)  from  25°C  to  700°C  at  a  heating  ramp  of  10°C, 
under  a  constant  flow  (100  mL/min)  of  nitrogen  gas.  This  study  followed  20STD800  standard 
rubber  analysis  method. 

X-ray  Diffraction:  X-ray  diffraction  measurements  of  CD,  CUR  and  CD-CUR  inclusion 
complexes  were  recorded  using  a  D/Max  -  B  Rikagu  diffractometer  (Rigaku  Americas  Corp, 
Woodlands,  TX  )  using  Cu  radiation  at  X  =  0. 1546  mn,  running  at  40  kV  and  40  mA.  For  this 
study,  samples  were  mounted  on  double  sided  silicone  tape  and  measurements  were  perfonned 
from  20°  to  80°  at  a  scan  speed  of  2°  per  minute. 

Scanning  Electron  Microscopy  (SEM):  The  surface  morphology  of  CD,  CUR  and  CD-CUR 
inclusion  complexes  was  studied  using  a  Quanta  450  Scanning  Electron  Microscope  (S.No. 


D9234,  FEI™,  Hillsboro,  Oregon)  at  an  accelerating  voltage  of  5  kV.  All  the  dry  samples  were 
spread  on  double  sided  carbon  tape,  mounted  on  SEM  stage  before  scanning. 

Transmission  Electron  Microscopy  (TEM):  Transmission  Electron  Microscopy  was  employed 
to  view  the  exact  morphology  of  samples  suspended  in  water.  To  prepare  TEM  samples,  2-3 
drops  of  aqueous  solutions  of  CD-CUR  inclusion  complexes  on  a  200  mesh  formvar-coated 
copper  TEM  grid  (grid  size:  97  pm)  (Ted  Pella,  Inc.,  Redding,  CA,  USA)  followed  by  removing 
excess  solution  using  a  piece  of  fine  filter  paper  and  the  samples  were  allowed  to  dry  in  air 
overnight  prior  to  image  particles.  The  morphology  of  samples  was  observed  under  JEOL-1210 
transmission  electron  microscope  (JEOL,  Tokyo,  Japan)  operating  at  60  kV. 

2.7.  Cell  culture 

Prostate  cancer  cells  lines  C4-2,  DU- 145,  PC-3  cells  were  generously  provided  by  Dr.  Meena 
Jaggi.  These  cells  were  maintained  as  monolayer  cultures  (C4-2and  PC-3)  in  RPMI-1640 
medium  or  in  MEM  medium  (DU- 145)  (Hycone  Laboratories,  Inc.,  Logan,  UT)  and 
supplemented  with  10%  fetal  bovine  serum  (Atlanta  Biologicals,  Lawrenceville,  GA)  and  1% 
penicillin-streptomycin  (Gibco  BRL,  Grand  Island,  NY)  at  37°C  in  a  humidified  atmosphere  (5% 
C02). 


2.8.  CUR  and  CD-CUR  inclusion  complexes  cellular  uptake 

For  a  comparative  visualization  of  CUR  and  CD-CUR  inclusion  complexes  uptake  in  cancer 
cells,  5  x  105  cells  were  seeded  in  6-well  plates  in  2  mL  medium.  After  cells  were  attached  to  the 
plate,  media  was  replaced  with  20  pg  free  curcumin  or  equivalent  curcumin  containing  CD-CUR 


inclusion  complexes.  After  6  hrs,  cells  were  examined  under  an  Olympus  BX  51  fluorescence 
microscope  (Olympus,  Center  Valley,  PA). 

To  investigate  which  CD-CUR  inclusion  complex  has  superior  CUR  uptake,  prostate  cancer  cells 
(5  x  105)  were  seeded  in  6-well  plates  (2  mL  medium),  and  allowed  overnight  to  attach.  Cells 
were  then  treated  with  10  pg  or  20  pg  CUR  in  each  well  or  equivalent  CD-CUR  inclusion 
complexes.  After  2  days  cells  were  washed  twice  with  IX  PBS,  trypsinized,  centrifuged  and 
collected  in  2  mL  media.  The  cell  suspension  (50  pi)  was  injected  into  Acuri  C6  flow  cytometer 
(Accuri  Cytometers,  Inc.,  Ann  Arbor,  MI,  USA)  to  detennine  the  fluorescence  levels  in  FL1 
channel  (488  excitation,  Blue  laser,  530  ±15  nm,  FITC/GFP). 

2.9.  In  vitro  cytotoxicity  (MTS  assay) 

To  examine  the  anti-tumor  activity  of  the  CD-CUR  inclusion  complex  (CD-30),  cell  proliferation 
assays  were  perfonned  using  C4-2,  DU-145and  PC-3  prostate  cancer  cell  lines.  Prostate  cancer 
cells  (5000  cells/well  in  100  pL  media)  were  seeded  in  96- well  plates  and  allowed  to  attach 
overnight.  The  next  day  the  media  was  replaced  with  different  concentrations  (5-40  pM)  of  CUR 
or  CD30.  PBS  or  DMSO  equivalent  amounts  containing  media  were  used  as  the  control.  After 
day  2  replaced  with  fresh  media  and  the  anti-proliferative  effect  of  the  CUR  and  CD30  was 
detennined  using  a  standard  3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium  bromide  (MTS) 
based  colorimetric  assay  (CellTiter  96  AQe0us,  Promega,  Madison,  WI).  The  reagent  (25  pL/well) 
was  added  to  each  well  and  plates  were  incubated  for  3  hrs  at  37°C.  The  color  intensity  was 
measured  at  492  nm  using  a  microplate  reader  (BioMate  3  UV-Vis  spectrophotometer,  Thenno 
Electron  Corporation,  Hudson,  NH).  The  anti-proliferative  effect  of  CUR  and  CD30  treatments 
was  calculated  as  a  percentage  of  cell  growth  with  respect  to  the  DMSO  and  PBS  controls.  Just 


before  adding  MTS  reagents,  representative  phase  contrast  microscope  images  of  cells  were 
taken  using  an  Olympus  BX  41  microscope  (Olympus,  Center  Valley,  PA,  USA). 

2.10.  Colony  formation  assay 

Prostate  cancer  cells  (1000)  were  seeded  in  2  mL  media  in  6-well  plates  and  allowed  2-3  days  to 
attach  and  initiate  the  colony  fonnations.  Then  cells  were  treated  with  different  concentrations 
(2-10  pM)  of  CUR  or  CD30  over  a  period  of  10  days.  The  plates  were  then  washed  twice  with 
PBS,  fixed  in  chilled  methanol,  stained  with  hematoxylin  (Fisher  Scientific,  Fair  Lawn,  NJ, 
USA),  washed  with  water  and  air  dried.  The  number  of  colonies  was  counted  by  a  Multihnage™ 
Cabinet  (Alpha  Innotech  Corporation,  San  Leandro,  CA,  USA)  using  AlphaEase  Fc  software. 
The  percent  of  colonies  were  calculated  using  the  number  of  colonies  fonned  in  treatment 
divided  by  number  of  colonies  formed  in  DMSO  or  PBS  controls. 

2.11.  Statistical  analysis 

All  results  were  processed  using  Microsoft  Excel  2007  software  and  expressed  as  mean  ± 
standard  error  of  the  mean  (S.E.M.).  Statistical  analyses  were  performed  using  an  unpaired,  two 
tailed  student  t-test.  A  value  of  p  <  0.05  was  considered  as  significant.  All  the  graphs  were 
plotted  using  Origin  6. 1  software. 

3.  Results  and  discussion 

The  main  focus  of  the  present  study  was  to  develop  a  (3-cyclodextrin-curcumin  (CD-CUR)  self- 
assembly  to  enhance  the  efficacy  of  curcumin  for  prostate  cancer  treatment.  It  has  been  reported 
previously  that  supramolecular  chemistry  of  [3-cyclodextrin  offers  water  soluble  inclusion 
complexes  with  different  drug  molecules  including  anti-cancer  chemotherapeutic  agents  [44-49]. 


Until  now,  only  a  few  studies  have  dealt  with  increasing  the  stability  and  solubility 
characteristics  of  CUR  to  improve  bioavailability  through  CD-CUR  inclusion  complexes  [50- 
53].  Additionally,  no  report  has  focused  on  the  anti-cancer  properties  of  this  fonnulation  in 
prostate  cancer  cells.  In  this  study,  we  have  explored  a  supramolecular  chemistry  approach  to 
stabilize/solubilize  curcumin  via  solvent  evaporation  encapsulation  technique  (Figure  1). 

This  technique  allows  us  to  load  or  encapsulate  different  amounts  of  curcumin  into  P- 
cyclodextrin  cavities.  The  loading  capacity  of  CUR  in  CD  cavities  increased  from  CD5  to  CD30 
(Figure  2).  The  self-assembly  process  normally  results  in  higher  entrapment  compared  to  drug 
encapsulation  into  nanoparticles.  In  the  case  of  nanoparticles,  only  5-10%  of  loading  is  possible 
with  respect  to  weight  of  nanoparticles  [32,  33,  53].  This  lower  drug  loading  capacity  is  only 
suitable  for  first  line  chemotherapeutic  agents  (doxorubicin,  paclitaxol,  cisplatin,  dexitabine,  etc.) 
because  even  nanomolar  concentrations  of  drugs  will  act  efficiently  to  kill  cancer  cells.  On  the 
other  hand,  second  line  natural  therapeutic  agents  (including  curcumin)  relatively  higher  doses 
to  kill  cancer  cells;  therefore,  large  amount  of  nanoparticles  carrier  is  required  where  the 
nanoparticles  also  give  some  toxicity  to  the  cells.  Thus,  the  current  self-assembly  process 
appears  to  be  suitable  for  second  line  therapeutic  agents.  According  to  our  study  up  to  25%  of 
CUR  can  be  encapsulated  into  the  P-CD  inclusion  complexes. 

The  CD-CUR  self-assemblies  have  shown  improvement  in  the  aqueous  solubility  of  curcumin. 
The  pure  CUR  solubility  in  PBS  solution  is  ~  20  pg/mL.  It  has  been  determined  that  the 
solubility  of  CD-CUR  inclusion  complexes  are  1.48,  1.62,  1.76  and  1.84  mg  of  curcumin 
equivalent  CD5,  CD10,  CD20  and  CD30,  respectively.  This  behavior  can  be  seen  in  Figure  1C. 
A  previous  study  on  P-curcumin-CD  complex  in  water  reports  up  to  0.6  mg/mL  of  CUR. The 
compatibility  study  also  revealed  that  CD  and  CUR  compounds  were  dispersed  in  CD-CUR 


complexes  while  CUR  in  aqueous  dispersions  exhibited  clumps  (Figure  3A).  In  addition,  these 
CD-CUR  inclusion  complexes  have  shown  high  in  vitro  stability  at  physiological  conditions 
(Figure  3B)  whereas  CUR  did  not  showed  much  stability  [30,34,51].  The  order  of  stability  was 
noticed  as  CD30  >  CD20  >  CD  10  >  CD5.  Only  10%  of  drug  is  precipitated  in  the  case  of  CD30 
while  CUR  precipitates  almost  100%. 

3.1.  Physical  characterization  of  CD-CUR  inclusion  complexes 

3.1.1.  Spectral  studies 

FTIR  spectroscopy  was  used  to  ascertain  the  formation  of  CD-CUR  inclusion  complex.  The  solid 
samples  were  recorded  for  FTIR.  The  FTIR  spectra  of  CD,  CUR  and  CD-CUR  inclusion 
complex  are  represented  in  Figure  4A.  The  FTIR  spectrum  of  curcumin  exhibited  an  absorption 
band  at  3496  cm'1  attributed  to  the  phenolic  O-H  stretching  vibration.  Additionally,  sharp 
absorption  bands  at  1605  cm'1  (stretching  vibrations  of  benzene  ring  of  CUR),  1502  cm'1  (C=0 
and  C=C  vibrations  of  CUR),  1435  cm'1  (olcfinic  C-H  bending  vibration),  1285  cm'1  (aromatic 
C-0  stretching  vibrations),  and  1025  cm  1  (C-O-C  stretching  vibrations  of  CUR)  were  noticed. 
CD  has  showed  characteristic  peaks  at  3325  cm'1  and  1025  cm'1  due  to  the  O-H  stretching 
vibrations  and  C-O-C  stretching  vibrations.  In  the  case  of  CD-CUR  inclusion  complex  spectrum 
the  sharp  peaks  belonging  to  CUR  have  disappeared  and  only  CD  characteristic  peaks  are 
visible.  CD-CUR  inclusion  complex  have  shown  all  the  peaks  belonging  to  CD  and  also  some  of 
the  curcumin  peaks  between  1  and  2  ppm  (Figure  4B)  [54],  However,  still  specific  peaks  of  CUR 
between  5  and  7  ppm  are  not  visible,  which  is  a  typical  pattern  of  inclusion  complex.  This  data 
indicate  the  successful  fonnation  of  inclusion  complexes. 


3.1.2.  Microscopy  studies 


The  overall  bulk  surface  morphology  of  CD,  CUR  and  CD-CUR  inclusion  complexes  (for 
powder)  was  studied  by  SEM  (Figure  5).  CD  shows  flake-like  structures  throughout  the  sample 
while  CUR  exhibited  crystal-like  structures.  However,  CD-CUR  inclusion  complexes 
demonstrated  apparent  change  in  the  flakes  structures  due  to  curcumin  encapsulation  in  their 
cavities.  Further,  these  flake  structures  become  smaller  with  increase  of  CUR  content  to  CD. 
This  alteration  of  crystal  and  powder  structures  suggests  the  formation  of  inclusion  complexes. 
The  TEM  analysis  of  CD,  CUR  and  CD-CUR  complex  samples  in  solution  provides  the  exact 
assembly  or  inclusion  complexation  process  (Figure  6).  The  CD5  formulation  shows  less  than 
100  mn  irregular  assemblies  with  a  few  larger  clusters.  This  cluster  formation  was  increased  with 
increase  of  CUR  in  CD  inclusion  complexation  (CD  10  to  CD  30)  (Figure  6 A).  At  higher 
concentration  of  CUR  in  CD,  complexation  results  in  formation  of  nanoparticles  ~  500  mn.  From 
the  TEM  study  it  is  clear  that  the  nano-  or  self-assembly  or  inclusion  complexation  process 
between  cyclodextrin  and  curcumin  occurred  via  van  der  Walls  interaction,  hydrogen  bonding 
and  hydrophobic  interactions.  Possible  mechanisms  are  proposed  for  CD-CUR  nano-assembly  or 
inclusion  complex  formation  in  Figure  6B  (a,  b)  (need  some  more  information  about  fig  6B  a,  b). 
During  this  process,  release  of  high  energy  water  molecules  from  the  cavity  of  CD  and  enters 
curcumin  molecule.  The  feasibility  of  entire  process  was  reported  for  various  binary  complexes 
of  curcumin  with  hydrophobic  molecule  of  CD  [52]. 

3.1.3.  Physical  state  of  complexes 

X-ray  diffraction  (XRD)  and  thennal  methods  (DSC  and  TGA)  are  useful  tools  in  identifying  the 
physical  state  of  drugs  that  exist  in  various  polymers,  complexes  and  nanoparticles.  In  particular, 


complexation  of  a  drug  and  cyclodextrin  or  polymer  results  in  the  absence/shifting  of 
endothennic  peaks,  indicating  a  change  in  the  crystal  lattice,  melting,  boiling,  or  sublimation 
points.  Therefore,  these  measurements  can  provide  both  qualitative  and  quantitative  infonnation 
of  drug  present  in  the  inclusion  complexes. 

X-ray  diffraction  patterns  of  CD,  CUR  and  CD-CUR  inclusion  complexes  are  presented  in 
Figure  7A.  Curcumin  has  displayed  the  characteristic  crystalline  peaks  between  20  and  30 
(21.26,  23.35,  24.68  and  26.54°).  Few  crystalline  peaks  were  also  noticed  for  CD.  However,  CD- 
CUR  inclusion  complex  did  not  contain  any  such  crystalline  peaks,  suggesting  the  fonnation  of 
inclusion  complex  with  CD  and  conversion  into  amorphous  fonn.  This  is  in  accordance  with 
previous  reports  of  CD  inclusion  complexes  [33,  52].  The  DSC  thermograms  of  CD,  CUR  and 
CD-CUR  inclusion  complexes  are  shown  in  Figure  7B.  CD  and  CUR  have  shown  individual 
endothennic  peaks  at  99.5°C  and  172°C,  respectively,  due  to  their  melting  points.  Whereas  in  the 
case  of  CD-CUR  inclusion  complex,  prominent  peaks  belonging  to  CUR  at  172°C  completely 
disappeared  and  also  lowered  the  CD  melting  peak  to  86.5°C  compared  to  99.5°C.  This  can  be 
attributed  to  the  drug  molecules  being  completely  included  into  the  cavity  of  CD  by  replacing 
water  molecules.  Further,  this  behavior  is  an  indication  of  stronger  interactions  between  CD  and 
CUR  in  solid  state.  In  addition,  an  improved  thennal  stability  was  obtained  for  CD-CUR 
inclusion  complex  compared  to  CD  (Figure  1C).  This  was  due  to  CUR  inclusion  complexation 
with  CD. 

Our  studies  (section  3.1.1.  to  3.1.4)  clearly  demonstrate  the  formation  of  CD-CUR  inclusion 
complexes  by  various  self-assemblies  depending  on  the  composition.  It  was  also  observed  in  a 
previous  study  that  complex  formation  of  curcumin  and  cyclodextrin  is  highly  favored  by  Gibbs’ 
free  energy  law  [52]  which  states  that  CD  solutions  offer  a  favorable  environment  over  water  for 


curcumin.  The  lyophilic  cavity  of  CD  protects  the  lipophilic  guest  molecule  (in  this  case 
curcumin)  from  aqueous  environment,  while  the  polar  outer  surface  of  the  CD  molecules 
provides  the  stabilization  effect.  It  has  been  confirmed  that  the  polarity  of  the  CD  cavity  is 
equivalent  to  40%  solution  of  ethanol  in  water  [55].  This  particular  characteristic  prompted  the 
use  of  CD  in  various  pharmaceutical  preparations.  Here  our  main  aim  is  to  employ  these  self- 
assemblies  of  CD-CUR  inclusion  complexes  as  anti-cancer  agents. 


3.2.  Cellular  uptake 

For  passive  targeting  of  cancerous  tissues,  drug  loaded  cyclodextrins  should  be  able  to  retain  the 
drug  for  a  prolonged  time  in  circulation  [56-58].  Curcumin  itself  has  an  inherent  green 
fluorescence  property  which  we  have  utilized  in  the  cellular  uptake  studies  (Figure  8A).  The 
microscope  images  of  control  cells  without  curcumin  and  cells  incubated  with  cyclodextrin  did 
not  show  any  fluorescence.  Whereas,  the  images  of  cells  treated  with  CD-CUR  inclusion 
complexes  exhibited  relatively  more  green  fluorescence  compared  to  free  curcumin  treated  cells. 
This  data  suggest  that  CD-CUR  inclusion  complexes  enhanced  curcumin  uptake  in  the  cancer 
cells.  In  order  to  determine  an  exact  internalization  capability  of  various  CD-CUR  inclusion 
complexes,  FACS  analysis  was  performed  and  compared  with  free  curcumin  uptake. 

Cellular  uptake  or  retention  of  CUR  and  all  CD-CUR  inclusion  complexes  was  investigated  by 
FACS  to  determine  which  particular  complex  has  a  better  endocytosis  in  prostate  cancer  cells. 
For  this  study,  DU145  cells  were  incubated  with  10  pg  CUR/CD-CUR  formulations  for  1  and  2 
days.  The  relative  fluorescence  values  demonstrate  a  significant  increase  of  intracellular  drug 
uptake  of  CD-CUR  inclusion  complexes  by  cancer  cells  compared  to  CUR  (Figure  8B  (a)).  This 


phenomenon  was  progressively  increased  from  CD5  to  CD30  inclusion  complex.  Since  CD30 
formulations  have  higher  amounts  of  CUR  per  CD  molecule  they  have  exhibited  highest  uptake. 
However,  we  did  not  observe  uptake  difference  between  day  1  and  day  2,  indicating  a  rapid 
uptake  process.  On  the  other  hand,  this  data  also  suggest  that  even  after  2  days  the  endocytosed 
drug  is  in  active  form.  The  uptake  is  dependent  upon  concentration  of  the  CUR/CD-CUR 
inclusion  complex  employed  (Figure  8B  (b)).  Further,  it  can  be  speculated  that  CD30  may 
exhibit  enhanced  cytotoxicity  compared  to  CUR  or  CD-CUR  inclusion  complexes  (CD5,  CD  10 
and  CD20)  due  to  prolonged  retention  of  CUR  in  the  cells.  Therefore,  CD-30  fonnulation  was 
used  for  in  vitro  cytotoxicity  assays  (MTS  assay  and  clonogenic  assay)  in  different  prostate 
cancer  cell  lines. 

3.3.  Effect  of  CUR  and  CD30  in  cell  viability  and  colony  formation  of  cancer  cells 

In  order  to  evaluate  anti-tumor  efficacy  of  the  CUR  and  CD30  (CD-CUR  inclusion  complex), 
cell  proliferation  assay  was  performed  in  four  different  prostate  cancer  cell  lines  ([DU145  (non¬ 
metastatic),  C4-2  and  PC3  (metastatic  cell  lines)].  These  cells  were  incubated  with  equivalent 
doses  of  2.5-40  pM  CUR  or  CD30  for  2  days  and  then  examined  by  MTS  assay  for  cell 
proliferation.  Control  cells  were  treated  with  equivalent  amounts  of  DMSO  or  PBS.  Both  CUR 
and  CD30  have  shown  a  dose  dependent  anti-proliferative  effect  in  all  tested  cancer  cells  (Figure 
9). 

The  comparative  anti-cancer  effects  of  CD30  and  CUR  is  also  evident  in  phase  contrast 
microscopy  analysis  (Figure  10A).  From  these  images  it  can  be  concluded  that  CUR  treatment 
resulted  in  a  moderate  decrease  in  cell  number  while  CD30  not  only  reduced  cell  number  but 
also  imparted  morphological  change  related  to  apoptosis.  In  general,  therapeutic  efficacy  of  any 


chemotherapeutic  drug  can  be  achieved  by  an  efficient  delivery  into  the  cytoplasm.  This  results 
only  when  the  drug  release  in  its  active  form  is  taken  up  by  cancer  cells.  We  expect  that  due  to 
self-assembly  of  CD  and  CUR,  CUR  is  accumulated,  retained,  and  released  in  a  sustained 
manner  in  the  cancer  cells  which  causes  pronounced  effects  over  free  CUR.  In  this  case,  CD30 
must  exhibit  its  superior  effects  on  cellular  and  molecular  pathways.  Therefore,  we  have 
investigated  the  expression  of  PARP  (Poly  (ADP-ribose)  polymerase  which  is  a  protein  involved  in  a 
number  of  cellular  processes  involving  mainly  DNA  repair  and  programmed  cell  death)  in  prostate 
cancer  cells  treated  with  10  and  20  iiM  CUR  or  equivalent  amounts  of  CD30.  The  effects  of 
these  treatments  can  be  seen  in  our  molecular  pathways  studies  (Figure  10B).  We  found  that 
CD30  treatment  considerably  full  length  PARP  (apoptosis  associated  proteins,  116  kDa)  into 
cleaved  PARP  (86  kDa),  as  a  result  allow  cells  to  undergo  cell  death.  In  addition,  these  self- 
assemblies  may  also  overcome  membrane  associated  efflux  transporter  protein  and  drug 
resistance  [59]. 

In  addition,  to  evaluate  long-tenn  anti-cancer  efficacy  of  CUR  and  CD30,  colony  fonning  assays 
(clonogenic  assays)  were  performed  in  C4-2,  DU145  and  PC3  prostate  cancer  cell  lines.  These 
cells  were  either  treated  with  equivalent  doses  (2-10  pM),  CD  or  CUR  or  CD30  or  DMSO  and 
density  of  colonies  was  measured  (Figure  8A).  Similar  to  cell  proliferation  studies,  CD30 
treatment  showed  a  better  therapeutic  efficacy  compared  to  free  curcumin  in  colony  formation 
assays  in  all  three  cell  lines  (Figure  11).  These  data  suggest  an  enhanced  efficacy  of  CD30 
formulation  compared  to  free  curcumin.  Future  studies,  however,  are  warranted  to  investigate  the 
efficacy  of  this  formulation  in  pre-clinical  and  clinical  models. 


4.  Conclusions 


In  this  study,  we  have  demonstrated  feasibility  of  [3-cyclodextrin  and  curcumin  self-assembly  via 
inclusion  complexation  by  using  a  solvent  evaporation  technique.  Our  study  showed  that 
curcumin  was  efficiently  encapsulated  in  P-cyclodextrin  cavities  and  formed  different  types  of 
self-assemblies.  The  inclusion  complex  fonnation  was  confirmed  by  spectral,  thennal,  X-ray 
diffraction  and  electron  microscopy  studies.  CD-CUR  inclusion  complex  (CD30)  showed  an 
improved  uptake  by  DU  145  cancer  cells  compared  to  free  CUR.  Additionally,  this  fonnulation 
demonstrated  greater  potent  therapeutic  efficacy  in  prostate  cancer  cells  versus  free  CUR.  Our 
studies  suggest  that  CD30  formulation  can  be  an  effective  drug  formulation  for  prostate  cancer 
therapy. 
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Figure  1.  (A)  Schematic  illustration  of  curcumin  supramolecular  encapsulation  (inclusion 
complexation)  into  P-cyclodextrin  using  solvent  evaporation  technique.  (B)  Solid  powder 
samples  of  P-cyclodextrin,  curcumin  and  CD-CUR  inclusion  complex  (CD30).  (C)  Aqueous 
solubility  of  P-cyclodextrin,  curcumin  and  CD-CUR  inclusion  complex  (CD30)  (5  mg/mL). 


Figure  2.  Curcumin  loading  into  P-cyclodextrin  cavities.  CD5,  CD10,  CD20  and  CD30  inclusion 
complexes  represents  P-cyclodextrin  with  different  amounts  of  curcumin  used  for  self-assembly 
formation.  Drug  loading  was  determined  using  UV -visual  spectrophotometer  at  450  nm. 


Figure  3.  (A)  Optical  microscopic  images  of  P-cyclodextrin,  curcumin  and  P-cyclcodextrin- 
curcumin  inclusion  complexes  films  obtained  from  aqueous  solutions.  Original  magnifications 
200x.  (B)  Stability  curves  of  P-cyclodextrin-curcumin  inclusion  complexes  with  time. 


Figure  4.  (A)  FTIR  spectra  of  curcumin,  P-cyclodextrin  and  P-cyclodextrin-curcumin  inclusion 
complex  (CD30).  Spectra  were  recorded  for  solid  powders  on  ATR-FTIR  place.  (B)  'H-NMR 
spectra  of  P-cyclodextrin,  curcumin  and  P-cyclodextrin-curcumin  inclusion  complex  (CD30). 
Spectra  were  recorded  for  samples  in  <f-DMSO  solutions. 


Figure  4.  (A)  FTIR  spectra  of  curcumin,  P-cyclodextrin  and  P-cyclodextrin-curcumin  inclusion 
complex  (CD30).  Spectra  were  recorded  for  solid  powders  on  ATR-FTIR  place.  (B)  'H-NMR 


spectra  of  P-cyclodextrin,  curcumin  and  P-cyclodextrin-curcumin  inclusion  complex  (CD30). 
Spectra  were  recorded  for  samples  in  <f-DMSO  solutions. 


Figure  5.  Scanning  Electron  Microscope  images  of  P-cyclodextrin  (CD),  curcumin  (CUR),  and 
P-cyclodextrin-curcumin  inclusion  complexes  (CD5,  CD10,  CD20  and  CD30).  Scale  bar  on 
SEM  image  represents  400  pm. 

Figure  6.  (A)  Transmission  Electron  Microscopic  (TEM)  images  of  CD-CUR  inclusion 
complexes  (a)  CD5,  (b)  CD  10,  (c)  CD20  and  (d)  CD30.  (e-f)  Higher  magnification  TEM  images 
of  CD  30.  (B)  (a)  Putative  structures  of  cyclodextrin-curcumin  inclusion  complexes  and  (b)  self- 
assembly  process  of  P-cyclodextrin  and  curcumin. 


Figure  7.  (A)  X-ray  diffraction  patterns  of  P-cyclodextrin,  curcumin  and  P-cyclodextrin- 
curcumin  inclusion  complex  (CD30).  (B)  Differential  Scanning  Calorimeter  endothennic  curves 
of  P-cyclodextrin,  curcumin  and  P-cyclodextrin-curcumin  inclusion  complex  (CD30).  (C) 
Thermo-gravimetric  curves  of  P-cyclodextrin,  curcumin  and  P-cyclodextrin-curcumin  inclusion 
complex  (CD30). 


Figure  8.  Cellular  uptake  of  curcumin  or  cyclodextrin-curcumin  (CD-CUR)  inclusion  complex  in 
prostate  cancer  cells.  (A)  Fluorescence  images  of  C4-2,  DU145  and  PC3  prostate  cancer  cells 
treated  with  CD,  CUR,  or  CD-CUR  inclusion  complex  (CD30).  Cells  were  treated  with  20  pg  of 
CUR  or  equivalent  CD-CUR  inclusion  complex  for  6  hrs.  After  changing  media,  images  were 
taken  on  Olympus  BX  51  fluorescence  microscope.  Original  magnification  200X.  (B)  Flow 
Cytometeric  analysis  for  cellular  uptake  of  curcumin  and  CD-CUR  inclusion  complexes  in 
DU145  cells  (a)  Cells  treated  with  10  pg  and  (b)  Cells  treated  with  20  pg.  Mean  fluorescence  of 
cells  treated  with  curcumin  or  and  CD-CUR  was  measured  by  Accuri  Flow  Cytometer.  Data 
represents  average  of  3  repeats.  *p  <  0.05  represents  significant  different  from  the  curcumin 
uptake. 


Figure  9.  P-cyclodextrin-curcumin  (CD30)  treatment  suppresses  cell  proliferation  in  prostate 
cancer  cells.  Prostate  cancer  cells  (C4-2,  DU145  and  PC3)  were  treated  with  curcumin  or  CD30 
for  48  hours.  Cell  proliferation  was  determined  by  MTS  assay  and  normalized  to  cells  treated 
with  equivalent  amounts  of  respective  controls  (DMSO  for  curcumin  and  cyclodextrin  for 
CD30).  Data  represent  mean  ±  SE  of  8  repeats  of  each  treatment  group. 

Figure  10.  (A)  Phase  contrast  microscopy  images  of  20  liM  CUR  or  CD30  treated  prostate 
cancer  cells.  Note:  CD30  has  shown  an  improved  therapeutic  effect  on  prostate  cancer  cells. 
Original  Magnifications  200X.  (B)  Immunoblot  analysis  for  PARP  cleavage  in  curcumin  or 
CD30  treated  prostate  cancer  cells.  P-actin  was  used  as  an  internal  loading  control.  Note:  CD30 
has  shown  enhanced  PARP  cleavage  compared  to  curcumin. 


Figure  11.  CD30  inhibits  the  clonogenic  potential  of  prostate  cancer  cells.  C4-2  or  DU145  or 
PC3  cells  (1000)  were  seeded  in  6  well  culture  dishes  and  after  24  hrs  treated  with  the  indicated 
amounts  of  curcumin  or  CD30.  Cells  were  allowed  to  grow  for  8-10  days,  colonies  were  fixed 
and  stained.  (A)  Representative  images  of  colony  forming  assays.  (B)  Colony  densities  were 
measured  by  densitometer  using  AlphaEase  Fc  software  and  expressed  as  a  percent  of  the  DMSO 
or  P-cyclodextrin  control.  Data  represent  mean  of  3  repeats  for  each  treatment  (Mean  ±  SE;  * 
p<0.05,  compared  to  the  same  curcumin  dose). 
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Abstract 


Background:  Chemo/radio-resistance  is  a  major  obstacle  in  treating  advanced  ovarian  cancer. 
The  efficacy  of  current  treatments  may  be  improved  by  increasing  the  sensitivity  of  cancer  cells 
to  chemo/radiation  therapies.  Curcumin  is  a  naturally  occurring  compound  with  anti-cancer 
activity  in  multiple  cancers;  however,  its  chemo/radio-sensitizing  potential  is  not  well  studied  in 
ovarian  cancer.  Herein,  we  demonstrate  the  effectiveness  of  a  curcumin  pre-treatment  strategy 
for  chemo/radio-sensitizing  cisplatin  resistant  ovarian  cancer  cells.  To  improve  the  efficacy  and 
specificity  of  curcumin  induced  chemo/radio  sensitization,  we  developed  a  curcumin 
nanoparticle  formulation  conjugated  with  a  monoclonal  antibody  specific  for  cancer  cells. 

Methods:  Cisplatin  resistant  A2780CP  ovarian  cancer  cells  were  pre-treated  with  curcumin 
followed  by  exposure  to  cisplatin  or  radiation  and  the  effect  on  cell  growth  was  determined  by 
MTS  and  colony  formation  assays.  The  effect  of  curcumin  pre-treatment  on  the  expression  of 
apoptosis  related  proteins  and  P-catenin  was  detennined  by  Western  blotting  or  Flow  Cytometry. 
A  luciferase  reporter  assay  was  used  to  detennine  the  effect  of  curcumin  on  P-catenin 
transcription  activity.  The  poly(lactic  acid-co-glycol ic  acid)  (PLGA)  nanoparticle  formulation  of 
curcumin  (Nano-CUR)  was  developed  by  a  modified  nano-precipitation  method  and  physico¬ 
chemical  characterization  was  performed  by  transmission  electron  microscopy  and  dynamic  light 
scattering  methods. 

Results:  Curcumin  pre -treatment  considerably  reduced  the  dose  of  cisplatin  and  radiation 
required  to  inhibit  the  growth  of  cisplatin  resistant  ovarian  cancer  cells.  During  the  6  hr  pre¬ 
treatment,  curcumin  down  regulated  the  expression  of  Bcl-XLand  Mcl-1  pro-survival  proteins. 
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Curcumin  pre-treatment  followed  by  exposure  to  low  doses  of  cisplatin  increased  apoptosis  as 
indicated  by  annexin  V  staining  and  cleavage  of  caspase  9  and  PARP.  Additionally,  curcumin 
pre -treatment  lowered  (3-catenin  expression  and  transcriptional  activity.  Nano-CUR  was 
successfully  generated  and  physico-chemical  characterization  of  Nano-CUR  indicated  an 
average  particle  size  of  ~70  mn,  steady  and  prolonged  release  of  curcumin,  antibody  conjugation 
capability  and  effective  inhibition  of  ovarian  cancer  cell  growth. 

Conclusion:  Curcumin  pre-treatment  enhances  chemo/radio-sensitization  in  A2780CP  ovarian 
cancer  cells  through  multiple  molecular  mechanisms.  Therefore,  curcumin  pre-treatment  may 
effectively  improve  ovarian  cancer  therapeutics.  A  targeted  PLGA  nanoparticle  formulation  of 
curcumin  is  feasible  and  may  improve  the  in  vivo  therapeutic  efficacy  of  curcumin. 
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Background 

Ovarian  cancer  is  the  most  lethal  gynecological  cancer  and  the  fifth  most  common  cause  of 
cancer  mortality  in  women  in  the  United  States:  in  2009  it  is  estimated  that  21,550  women  will 
be  diagnosed  with  ovarian  cancer  and  14,600  women  will  die  due  to  this  disease  [1].  A  high 
percent  of  women  with  ovarian  cancer  are  diagnosed  at  an  advanced  stage  (67%)  and  have  a  5 
year  survival  rate  of  only  46%  [1].  The  usual  treatment  modality  involves  surgical  cytoreduction 
followed  by  treatment  with  a  combination  of  platinum  (cisplatin  or  carboplatin)  and  taxane  based 
therapies.  This  is  effective  in  60-80%  of  patients;  however,  the  majority  of  women  with 
advanced  disease  will  have  cancer  recurrence  [2,  3].  Unfortunately,  almost  all  relapsing  ovarian 
cancers  eventually  develop  platinum  resistance  and  patients  with  resistant  tumors  have  a  median 
survival  time  of  6  months,  with  only  27%  living  longer  than  12  months  [4],  In  addition  to 
improving  diagnosis  of  ovarian  cancer,  there  is  an  urgent  need  to  develop  effective  therapeutic 
modalities  for  advanced  stage  drug  resistant  ovarian  cancer. 

Although  the  mechanism  of  resistance  to  cisplatin  has  been  widely  studied  in  vitro,  the  actual 
reasons  underlying  cisplatin  resistance  in  vivo  is  still  not  well  understood.  Cisplatin  functions 
primarily  by  forming  DNA  adducts  that  inhibit  cell  replication  and  induce  apoptosis  if  the  DNA 
damage  is  not  repaired  by  the  cell.  Recently,  it  has  been  suggested  that  while  initial  sensitivity  to 
cisplatin  is  via  nonfunctional  DNA  repair  genes  (i.e.  BRCA1/2),  cisplatin  resistance  may  be 
acquired  through  a  gain  of  function  in  BRCA1/2  [5],  Independent  of  the  mechanism  of 
resistance,  inhibition  of  cell  death  via  apoptosis  is  an  important  event  leading  to  cisplatin 
resistance.  Another  important  aspect  limiting  the  use  of  cisplatin  is  the  negative  side  effects 
which  accumulate  in  severity  with  multiple  cisplatin  treatments  and  include  gastrointestinal 
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distress,  kidney  and  nerve  damage,  hearing  loss,  and  bone  marrow  suppression  [2,  3,  6]. 
Additionally,  treatment  of  ovarian  cancer  with  radiation  is  limited  due  to  gastrointestinal  toxicity 
[6].  While  significant  progress  has  been  made  in  developing  targeted  radioimmunotherapy  (RIT), 
current  drawbacks  to  this  therapy  include  toxicity  and  resistance  to  radiation  [7,  8]. 

One  strategy  to  improve  the  effectiveness  and  limit  the  toxicity  of  cisplatin  and/or  radiation 
therapy  is  to  induce  chemo/radio-sensitization  in  cancer  cells.  A  number  of  natural  dietary 
phytochemicals,  such  as  curcumin,  quercetin,  xanthorrhizol,  ginger,  green  tea,  genistein,  etc.,  are 
candidates  for  inducing  chemo/radio-sensitization  of  cancer  cells  [9-11].  Among  these  agents, 
curcumin  (diferuloyl  methane),  a  polyphenol  derived  from  the  rhizomes  of  tumeric,  Curcuma 
longa,  has  received  considerable  attention  due  to  its  beneficial  chemopreventive  and 
chemotherapeutic  activity  via  influencing  multiple  signaling  pathways,  including  those  involved 
in  survival,  growth,  metastasis  and  angiogenesis  in  various  cancers  [12-15].  Importantly, 
curcumin  has  demonstrated  no  toxicity  to  healthy  organs  at  doses  as  high  as  8  grams/day  [16]. 
However,  the  low  bioavailability  and  poor  pharmacokinetics  of  curcumin  limits  its  effectiveness 
in  vivo  [17];  therefore,  we  have  developed  a  PLGA  nanoparticle  formulation  of  curcumin  (Nano- 
CUR)  to  provide  increased  bioavailability  as  well  as  antibody  conjugation  abilities  for  targeted 
delivery  of  curcumin  into  tumors. 

Given  the  need  for  therapies  to  treat  cisplatin  resistant  ovarian  cancer,  we  investigated  the  effect 
of  curcumin  pre-treatment  on  a  cisplatin  resistant  ovarian  cancer  cell  line  model.  We 
demonstrate,  for  the  first  time,  that  curcumin  pre-treatment  sensitizes  A2780CP  cells  (which  are 
cisplatin  resistant)  to  cisplatin  and  radiation  treatment.  Curcumin  pre-treatment  dramatically 
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inhibits  proliferation  and  clonogenic  potential  of  cisplatin  resistant  cells  in  the  presence  of  low 
levels  of  cisplatin  or  radiation.  We  also  identified  molecular  pathways  involved  in  curcumin 
mediated  sensitization  to  cisplatin/radiation  induced  apoptosis.  This  study  advances  the 
understanding  regarding  the  molecular  mechanisms  involved  in  curcumin  mediated  chemo/radio- 
sensitization  in  ovarian  cancer  cells. 

Materials  and  Methods 
Cell  culture  and  drugs 

A2780  and  A2780CP  (resistant  to  cisplatin)  paired  cells  [18]  were  generously  provided  by  Dr. 
Stephen  Howell,  University  of  California,  San  Diego.  These  cells  were  maintained  as  monolayer 
cultures  in  RPMI-1640  medium  (HyClone  Laboratories,  Inc.  Logan,  UT)  supplemented  with 
10%  fetal  bovine  serum  (Atlanta  Biologicals,  Lawrenceville,  GA)  and  1%  penicillin- 
streptomycin  (Gibco  BRL,  Grand  Island,  NY)  at  37°C  in  a  humidified  atmosphere  (5%  CCL). 
Curcumin  (>95%  purity,  (E,E)-l,7-bis(4-Hydroxy-3-methoxyphenyl)-l,6-heptadiene-3,5-dione, 
Sigma,  St.  Louis,  MO)  was  stored  at  -20°C  as  10  mM  stock  solution  in  DMSO  and  protected 
from  light.  Cisplatin  (cis-Diammineplatinum(II)  dichloride,  Sigma)  was  stored  at  4°C  as  10  mM 
stock  solution  in  0.9%  saline. 

Cell  growth  and  viability 

Cells  were  seeded  at  5,000  per  well  in  96-well  plates,  allowed  to  attach  overnight  and  different 
concentrations  (2.5-40  pM)  of  curcumin  or  cisplatin  diluted  in  medium  were  added.  DMSO  and 
PBS  containing  medium  served  as  the  respective  controls.  In  another  set,  cells  were  treated  for  6 
hrs  with  10  or  20  pM  curcumin  in  medium  and  followed  by  cisplatin  treatment  (2.5-40  pM). 
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DMSO-PBS  medium  was  used  as  a  control.  The  anti-proliferative  effect  of  these  drugs  was 
determined  at  2  days  with  a  MTS  based  colorimetric  assay  (CellTiter  96  AQeous  One  Solution 
Cell  Proliferation  Assay,  Promega,  Madison,  WI).  The  reagent  (20  pF/well)  was  added  to  each 
well  and  plates  were  incubated  for  2  hrs  at  37°C.  The  color  intensity  was  measured  at  492  nm 
using  a  microplate  reader  (BioMate  3  UV-Vis  spectrophotometer.  Thermo  Electron  Corporation, 
Waltham,  MA).  The  anti-proliferative  effect  of  each  treatment  was  calculated  as  a  percentage  of 
cell  growth  with  respect  to  the  appropriate  controls  after  subtracting  intensity  values  for  curcumin, 
DMSO,  PBS  and  DMSO-PBS  in  medium  without  cells.  Phase  contrast  microscope  cell  images  were 
taken  on  an  Olympus  BX  41  microscope  (Olympus,  Center  Valley,  PA). 


Colony  formation  assay 

For  this  assay,  cells  were  seeded  at  500  cells  per  100  mm  culture  dish  and  allowed  to  attach 
overnight.  The  cells  were  treated  with  curcumin  or  cisplatin  or  with  a  pre-treatment  of  curcumin 
followed  by  cisplatin  treatment  and  maintained  under  standard  cell  culture  conditions  at  37°C 
and  5%  CXX  in  a  humid  environment.  After  8  days,  the  dishes  were  washed  twice  in  PBS,  fixed 
with  methanol,  stained  with  hematoxylin  (Fisher  Scientific,  Pittsburgh,  PA),  washed  with  water 
and  air  dried.  The  number  of  colonies  was  determined  by  imaging  with  a  Multimage™  Cabinet 
(Alpha  Innotech  Corporation,  San  Feandro,  CA)  and  using  AlphaEase  Fc  software.  The  percent 
of  colonies  was  calculated  using  the  number  of  colonies  formed  in  treatment  divided  by  number 
of  colonies  fonned  in  DMSO  or  PBS  or  DMSO-PBS  control. 
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Radiation 


Cells  were  seeded  at  200  per  well  in  6  well  plates  and  allowed  to  attach  overnight.  These  cells 
were  treated  with  different  concentrations  of  curcumin  for  6  hrs  and  exposed  to  1-5  Gy  dose  of 
radiation.  A  1060  kV  industrial  RS-2000  Biological  X-ray  irradiator  (Radiation  Source, 
Alpharetta,  GA)  was  used  to  irradiate  the  cultures  at  room  temperature.  The  machine  was 
operated  at  25  mA.  The  dose  rate  with  a  2  mm  A1  and  1  mm  Be  filter  was  ~  1 .72  Gy/min  at  a 
focus  surface  distance  of  15  cm.  Cells  treated  with  different  concentrations  of  curcumin  or 
radiation  alone  was  used  as  controls.  These  cells  were  maintained  under  standard  cell  culture 
conditions  at  37°C  and  5%  CO?  in  a  humid  environment.  After  8  days,  the  colonies  were  counted 
as  described  earlier. 


Immunoblot  assay 

Following  treatment,  cells  were  processed  for  protein  extraction  and  Western  blotting  using 
standard  procedures  as  described  earlier  [19].  Briefly,  800,000  cells  per  100  mm  cell  culture  dish 
were  plated,  allowed  to  attach  overnight  and  treated  with  curcumin  or  cisplatin  or  pretreated  with 
curcumin  followed  by  cisplatin.  After  48  hrs  cells  were  washed  twice  with  PBS,  lysed  in  SDS 
buffer  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  and  kept  at  4°C  for  30  min.  Cell  lysates  were 
passed  through  one  freeze-thaw  cycle  and  sonicated  on  ice  for  30  sec  (Sonic  Dismembrator 
Model  100,  Fisher  Scientific)  and  the  protein  concentration  was  nonnalized  using  SYPRO 
Orange  (Invitrogen,  Carlsbad,  CA).  The  cell  lysates  were  heated  at  95°C  for  5  min,  cooled  down 
to  4°C,  centrifuged  at  14,000  rpm  for  3  min  and  the  supernatants  were  collected.  SDS-PAGE  (4- 
20%)  gel  electrophoresis  was  performed  and  the  resolved  proteins  were  transferred  onto  PVDF 
membrane.  After  rinsing  in  PBS,  membranes  were  blocked  in  5%  nonfat  dry  milk  in  TBS-T  (Tris 
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buffered  saline  containing  0.05%  Tween-20)  for  1  hr  and  incubated  with  Bcl-XL,  Mcl-1,  Caspase 
3,  7  and  9,  Poly  (ADP-ribose)  polymerase  (PARP),  [3-catenin,  c-Myc  and  P-actin  specific 
primary  antibodies  (Cell  Signaling,  Danvers,  MA)  overnight  at  4°C.  The  membranes  were 
washed  (4x10  min)  in  TBS-T  at  room  temperature  and  then  probed  with  1 :2000  diluted 
horseradish  peroxidase-conjugated  goat  anti-mouse  or  goat  anti-rabbit  secondary  antibody 
(Promega)  for  1  hr  at  room  temperature  and  washed  (5x10  min)  with  TBS-T.  The  signal  was 
detected  with  the  Lumi-Light  detection  kit  (Roche,  Nutley,  NJ)  and  a  BioRad  Gel  Doc  (BioRad, 
Hercules,  CA). 

Annexin  V  staining 

Cells  were  plated,  allowed  to  attach  overnight  and  treated  with  cisplatin  or  curcumin  alone  or 
pre-treated  with  curcumin  for  6  hrs  and  followed  by  cisplatin  treatment  for  an  additional  42  hrs. 
Both  adherent  and  floating  cells  were  collected,  washed  with  PBS,  suspended  in  Annexin  V 
binding  buffer,  stained  with  Annexin  V-PE  (BD  Biosciences,  San  Diego,  CA)  and  analyzed  by 
flow  cytometry  using  an  Acuri  C6  flow  cytometer  (Accuri  Cytometers,  Inc.,  Ann  Arbor,  MI). 

TOPFlash  reporter  assay 

The  P-catenin-TCF  transcription  activity  was  measured  using  a  luminescence  reporter  assay  as 
described  earlier  [20].  In  short,  200,000  cells  were  plated  per  well  in  a  12  well  plate  for  16  hrs 
prior  to  transient  transfection  with  reporter  construct  TOPFlash  or  FOPFlash  (Gift  from  Dr.  R. 
Moon,  Washington  University)  and  cotransfected  with  Renilla  luciferase  (pRF-TK,  Promega). 
After  3  hrs  of  transfection,  the  wells  were  treated  with  either  20  pM  curcumin,  5  pM  cisplatin  or 
a  6  hr  pre -treatment  with  20  pM  curcumin  followed  by  treatment  with  5  pM  cisplatin.  After  a  24 
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hr  incubation,  the  cells  were  harvested  in  luciferase  lysis  buffer  and  the  luciferase  activity  was 
assayed  using  Dual-Glo  luciferase  assay  system  with  a  GLOMAX™  96  microplate  luminometer 
(Promega). 

Curcumin-PLGA  Nanoparticles  (Nano-CUR) 

PLGA  nanoparticles  (PLGA  NPs)  containing  curcumin  were  prepared  from  curcumin  and  PLGA 
(50:50  lactide-glycolide  ratio;  inherent  viscosity  1.32  dL/g  in  at  30°C)  (Birmingham  Polymers, 
Pelham,  AL)  using  modified  nano-precipitation  technique  [21].  In  brief,  90  mg  of  PLGA  was 
dissolved  in  10  mL  of  acetone  over  a  period  of  3  hrs  and  1  mg  of  curcumin  was  added  to  get  a 
uniform  PLGA-curcumin  solution.  This  solution  was  drop  wise  added  to  20  mL  of  aqueous 
solution  containing  2%  (wt./v.)  poly(vinyl  alcohol)  (PVA)  (M.W.  30,000-70,000)  and  10  mg  of 
poly-L-lysine  (M.W.  30,000-70,000)  (PLL),  over  a  period  of  10  min  on  a  magnetic  stir  plate 
operated  at  800  rpm.  Within  a  few  minutes  precipitation  can  be  observed  in  the  aqueous  layer. 
This  suspension  was  stirred  at  room  temperature  for  ~24  hrs  to  completely  evaporate  the  acetone. 
Unentrapped  curcumin  was  removed  by  centrifugation  at  5,000  rpm  on  an  Eppendorf  Centrifuge 
5810  R  (Eppendorf  AG,  Hamburg,  Gennany)  for  10  min.  PLGA  NPs  with  entrapped  curcumin 
were  recovered  by  ultracentrifugation  at  30,000  rpm  using  Rotor  30.50  on  an  Avanti  J-30I 
Centrifuge  (Beckman  Coulter,  Fullerton,  CA)  and  were  subsequently  lyophilized  using  a  freeze 
dry  system  (-48  °C,  133xl0‘3mBar  Freeze  zone8,  Labconco,  Kansas  City,  MO)  and  stored  at  4°C 
until  further  use.  Curcumin  loading  and  release  was  estimated  at  450  nm  using  Biomate  3  UV-vis 
spectrophotometer  (Thermo  Electron)  as  described  earlier  [22]. 


10 


Internalization  of  PLGA  NPs 


Cellular  uptake  of  PLGA  NPs  was  determined  with  nanoparticles  prepared  as  described  above 
but  with  500  pg  of  fluorescein-5  -isothiocyanate  (FITC)  used  in  place  of  curcumin.  The  FITC 
loading  in  PLGA  NPs  was  detennined  using  UV-vis  spectrophotometer  [23]  at  490  mn  after 
extracting  FITC  for  1  day  in  acetone.  FITC  standards  (1-10  pg/ml)  were  used  for  estimation  of 
FITC  in  PLGA  NPs.  To  determine  the  PLGA  NPs  uptake  in  A2780CP  cells,  50,000  cells  were 
plated  in  4  well  chamber  slides  and  after  24  hrs  the  media  was  replaced  with  PLGA  NPs  (20  pg 
of  FITC)  diluted  in  media.  After  6  hrs  incubation  with  FITC-PLGA  NPs,  cells  were  washed 
twice  in  PBS,  fixed  with  ice  cold  methanol  for  10  min,  washed  with  PBS  and  stained  with  DAPI 
(1 : 1000  dilution)  (Invitrogen)  to  label  the  nucleus  of  the  cells.  Fluorescence  microscope  images 
were  taken  on  an  Olympus  BX  5 1  microscope  (Olympus,  Center  Valley,  PA)  equipped  with  an 
X-cite  series  (ExFo,  Quebec  Canada)  excitation  source  and  an  Olympus  DP71  camera. 

Anti-TAG-72  MAb  conjugation  to  PLGA  NPs 

The  feasibility  of  antibody  conjugation  was  detennined  with  PLGA  NPs.  The  conjugation 
reaction  was  performed  with  anti-TAG-72  MAb  (CC49)  and  PLGA  NPs  utilizing  conjugation 
chemistry  employing  a  reactive  di-functional  cross-linker,  NANOCS  NHS-PEG-NHS  (MW 
5,000)  (NANOCS,  New  York,  NY)  at  a  ratio  1 :20  (antibody  to  NPs),  as  shown  in  Figure  Six  F. 
Unconjugated  anti-TAG-72  MAb  was  removed  by  ultra  centrifugation.  The  antibody  conjugation 
was  continued  by  immunoblotting.  The  samples  (5  pg  of  anti-TAG-72  MAb  conjugated  PLGA 
NPs,  PLGA  NPs  or  2  pg  free  anti-TAG-72  MAb)  were  heated  at  95°C  for  5  min,  cooled  down  to 
4  °C  and  centrifuged  at  14,000  rpm  for  3  min  and  supernatants  were  collected.  Following  gel 
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electrophoresis  and  protein  transfer,  membranes  were  probed  with  a  horseradish  peroxidase- 
conjugated  goat  anti-mouse  antibody  and  the  signal  was  detected  as  described  above. 

Statistical  Methods 

Analysis  of  variance  (ANOVA)  was  followed  by  the  student  t-test  with  Bonferroni  correction  for 
multiple  comparisons  (to  be  considered  significant,  the  p  value  must  be  less  than  0.017 
(0.05/3=0.017)).  Normality  of  distribution,  equal  variance,  ANOVA,  and  t-tests  were  perfonned 
using  the  statistical  software  package,  JMP  8.0  (SAS,  Carry,  NC). 

Results 

Curcumin  pre-treatment  induces  chemo/radio-sensitization  in  ovarian  cancer  cells 

To  determine  if  curcumin  could  sensitize  cisplatin-resistant  ovarian  cancer  cells  (A2780CP)  to 
cisplatin  treatment,  we  designed  a  curcumin  pre-treatment  strategy  and  compared  individual 
treatments  (curcumin  or  cisplatin)  to  a  combination  of  treatments  (curcumin  and  cisplatin) 
(Figure  1  A).  When  used  individually,  curcumin  and  cisplatin  have  limited  dose  dependent  anti¬ 
proliferative  effects  on  A2780CP  cells  (Figure  IB,  CUR  +  CIS).  However,  pre-treatment  with  20 
pM  curcumin  for  6  hrs  followed  by  treatment  with  2.5-40  pM  cisplatin  for  an  additional  42  hrs 
resulted  in  drastic  cell  growth  inhibition  compared  to  each  agent  alone  (Figure  IB,  CUR  +  CIS). 
The  cisplatin  sensitive  ovarian  cancer  cell  line,  A2780  (the  parental  cell  line  of  A2780CP),  also 
showed  increased  sensitivity  to  cisplatin  following  pre-treatment  with  curcumin  (data  not 
shown).  Additionally,  a  6  hr  pre -treatment  with  curcumin  was  more  effective  than  treating  the 
cells  with  curcumin  and  cisplatin  simultaneously  (data  not  shown).  Of  note,  the  MTS  assay  that 
is  used  to  determine  cell  proliferation  does  not  directly  distinguish  between  induction  of  cell 
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death  or  prevention  of  cell  division;  however,  the  result  is  clear  that  curcumin  pretreatment 
dramatically  increases  the  effects  of  cisplatin  on  ovarian  cancer  cells.  Microscopic  examination 
of  treated  cells  revealed  that  2.5  pM  cisplatin  did  not  change  cell  number  or  morphology  and  that 
20  pM  curcumin  had  a  moderate  decrease  in  cell  number  (Figure  1C).  However,  when  pre¬ 
treated  with  20  pM  curcumin,  2.5  pM  cisplatin  drastically  reduced  the  cell  survival  (Figure  1C). 

To  determine  the  long-tenn  effect  of  chemo-sensitization  with  curcumin  pre-treatment,  we 
performed  colony  forming  assays  with  cells  either  treated  individually  with  curcumin  or 
cisplatin,  or  with  a  6  hr  pre-treatment  of  curcumin  followed  by  cisplatin  treatment  (Figure  2). 
Pre-treatment  of  cells  with  curcumin  (2  and  4  pM)  followed  by  cisplatin  (1-3  pM)  resulted  in  a 
greater  inhibition  of  colony  formation  than  each  agent  alone  (Figure  2).  Due  to  the  prolonged 
incubation  after  drug  treatment(s),  it  is  not  surprising  that  lower  doses  of  cisplatin/ curcumin  had 
significant  effects  compared  to  the  48  hr  proliferation  assay.  Further,  we  have  determined  the 
effect  of  curcumin  pre-treatment  on  ovarian  cancer  cell’s  sensitivity  to  radiation.  Pre-treatment 
of  cells  with  curcumin  (2-8  pM)  followed  by  radiation  exposure  (2-8  Gy)  resulted  in  greater 
inhibition  of  colony  formation  than  curcumin  or  radiation  alone  (Figure  3).  From  these  data,  it  is 
apparent  that  curcumin  can  induce  chemo/radio-sensitization  in  ovarian  cancer  cells  and  may 
considerably  lower  the  minimum  effective  dose  of  cisplatin  or  radiation  treatment. 

Curcumin  pre-treatment  modulates  the  expression  of  pro-survival/pro-apoptosis  proteins 

To  examine  the  possible  molecular  mechanisms  by  which  curcumin  induces  chemo/radio- 
sensitization  effects  in  A2780CP  cells,  we  examined  the  expression  pattern  of  pro-survival  Bcl-2 
family  members  expressed  by  A2780CP  cells  (data  shown  for  Bcl-XL  and  Mcl-1).  Following  a  6 
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hr  pre -treatment  with  20  liM  curcumin,  the  expression  of  Bc1-Xl  and  Mcl-1  was  decreased 
(Figure  4A),  which  would  suggest  increased  sensitivity  to  apoptosis.  Hence,  we  sought  to 
determine  if  cell  death  was  occurring  through  an  apoptotic  pathway.  Following  curcumin  pre¬ 
treatment,  both  adherent  and  floating  cells  were  collected,  stained  with  Annexin  V-PE  and 
analyzed  by  flow  cytometry.  Curcumin  pre -treatment  followed  by  cisplatin  treatment  resulted  in 
a  substantial  increase  in  Annexin  V  positive  cells  (Figure  4B),  indicating  induction  of  cell  death 
via  an  apoptotic  pathway.  We  confirmed  this  observation  by  probing  for  the  expression  of  PARP 
and  caspases  3,  7  and  9,  as  proteolytic  cleavage  and  subsequent  activation  of  these  molecules 
activate  apoptotic  pathways.  A2780CP  cells  pre-treated  with  curcumin  and  then  treated  with 
cisplatin  showed  higher  levels  of  cleaved  caspase  9,  in  contrast  to  cells  treated  with  curcumin  or 
cisplatin  alone  (Figure  4C).  Additionally,  the  expression  level  of  full-length  caspase  3  and  7  was 
decreased,  suggesting  cleavage  and  activation  of  the  caspase  pathway;  however,  cleaved 
products  of  caspase  3  or  7  were  not  detectable  (data  not  shown).  Furthermore,  we  also  assessed 
treated  cells  for  cleavage  of  PARP,  a  classic  marker  for  apoptotic  cells.  Pre -treatment  with 
curcumin  followed  by  cisplatin  exposure  resulted  in  increased  PARP  cleavage  in  a  dose 
dependent  manner,  while  cisplatin  alone  was  unable  to  induce  PARP  cleavage  even  at  the 
highest  dose  (Figure  4C  and  D).  We  detected  an  increase  in  full  length  PARP  after  20  p.M 
cisplatin  treatment  (Figure  4C),  which  could  be  an  indication  of  the  cancer  cell’s  attempt  to 
survive  cisplatin  induced  DNA  damage  by  increasing  DNA  repair  proteins,  such  as  PARP. 
However,  in  curcumin  pre-treated  cells,  cisplatin  exposure  resulted  in  a  significant  (p<0.05) 
increase  in  PARP  cleavage,  indicating  the  induction  of  apoptosis. 
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Curcumin  suppresses  p-catenin  activity 

Inappropriate  activation  of  P-catenin  is  linked  with  the  development  of  a  wide  variety  of  cancers, 
including  melanoma,  colorectal  and  prostate  cancer  [24,  25].  Additionally,  deregulation  of  the 
Wnt/p-catenin  pathway  has  also  been  shown  in  ovarian  cancer  [26,  27].  As  a  modulator  of  the 
Wnt  signaling  pathway,  P-catenin  functions  as  a  transcription  factor  that  is  translocated  into  the 
nucleus  where  it  binds  with  the  TCF  transcription  factor  and  up-regulates  the  expression  of  cell 
survival  genes  such  as  c-Myc  and  c-Jun,  which  as  a  result,  enhances  cell  proliferation  in  cancer 
cells.  It  has  also  been  shown  that  P-catenin  activity  can  also  inhibit  apoptosis  in  cancer  cells  [28- 
31].  Therefore,  we  sought  to  investigate  the  effects  of  curcumin  treatment  on  nuclear  P-catenin 
function  in  cisplatin  resistant  ovarian  cancer  cells  using  TOPFlash  reporter  assay.  The  cells  were 
treated  with  either  curcumin,  cisplatin  or  a  6  hr  pre-treatment  with  curcumin  followed  by 
treatment  with  cisplatin.  After  24  hrs  of  incubation,  cell  lysates  were  collected  and  analyzed  for 
B-catenin  transcription  activity.  While  treatment  of  the  cells  with  cisplatin  caused  no  change  in 
the  B-catenin  activity,  curcumin  treatment  repressed  the  B-catenin  mediated  transcription  activity 
by  60%  (Figure  5A). ).  The  combination  of  curcumin  and  cisplatin  also  reduced  B-catenin 
activity  to  similar  levels  as  when  treated  with  curcumin  (there  is  not  a  significant  difference 
between  curcumin  only  and  combination  treatment  with  curcumin  and  cisplatin). To  further 
investigate  curcumin  mediated  repression  of  P-catenin  activity,  we  analyzed  the  overall 
expression  of  P-catenin  levels  and  the  expression  of  a  downstream  target  of  nuclear  P-catenin 
signaling  (c-Myc)  by  Western  blotting.  Curcumin  treatment  leads  to  ~50%  reduction  in  P-catenin 
and  c-Myc  protein  levels  (Figure  5B).  This  data  suggest  that  curcumin  treatment  attenuates 
nuclear  P-catenin  signaling,  which  is  known  to  play  a  significant  role  in  cancer  cell  proliferation. 
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PLGA  nanoparticle  formulation  of  curcumin  (Nano-CUR)  effectively  inhibits  ovarian 
cancer  cells  growth 

While  we  have  shown  that  curcumin  has  effective  chemo/radio  sensitization  effects  in  ovarian 
cancer  cells,  low  water  solubility  and  poor  phannacokinetics  greatly  hamper  curcumin’s  in  vivo 
therapeutic  efficacy.  Therefore,  we  decided  to  synthesize  a  PLGA  nanoparticle  (NP)  fonnulation 
of  curcumin,  which  is  expected  to  improve  bioavailability  in  vivo  [32,  33],  Following  synthesis, 
Nano-CUR  was  physically  characterized  by  both  dynamic  light  scattering  (DLS)  and 
transmission  electron  microscopy  (TEM).  The  average  size  of  Nano-CUR  was  observed  to  be 
-72  mn  by  DLS  (Figure  6A)  and  70  ±  3.9  mn  by  TEM  (Figure  6B).  Additionally,  curcumin  is 
released  from  PLGA  NPs  in  a  controlled  fashion,  which  may  be  useful  for  sustained  and  long 
tenn  delivery  of  curcumin  for  ovarian  cancer  treatment  (Figure  6C).  Following  particle 
characterization,  we  examined  the  in  vitro  therapeutic  efficacy  of  Nano-CUR  and  found  that 
Nano-CUR  treatment  effectively  inhibited  proliferation  of  ovarian  cancer  cells  (Figure  6D). 
Additionally,  PLGA  NPs  are  efficiently  internalized  by  A2780CP  cells  (Figure  6E).  Further,  to 
verify  that  these  nanoparticles  are  capable  of  antibody  conjugation  for  targeted  delivery 
specifically  to  ovarian  cancer  cells,  we  conjugated  nanoparticles  with  anti-TAG-72  monoclonal 
antibody  (MAb)  (Figure  6F).  TAG-72,  a  tumor-associated  glycoprotein,  is  over-expressed  in 
various  tumors,  including  ovarian  cancer  [34].  Western  blot  analysis  of  conjugated  PLGA  NPs 
revealed  that  anti-TAG-72  MAb  was  effectively  conjugated  to  PLGA  NPs  (Figure  6G).  These 
data  suggest  that,  in  the  future,  targeted  delivery  of  curcumin  specifically  to  tumors  will  be 
possible.  This  strategy  will  improve  the  therapeutic  efficacy  of  curcumin  and  will  be  useful  for 
specific  chemo/radio-sensitization  of  cancer  cells. 
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Discussion 


Most  ovarian  cancers  initially  respond  well  to  current  treatment  modalities,  but  the  majority  of 
patients  will  experience  recurrence.  Unfortunately,  almost  all  recurrent  ovarian  cancers 
eventually  develop  resistance  to  platinum  based  treatment.  Tumors  with  intrinsic  or  acquired 
resistance  may  have  various  altered  characteristics,  including:  (a)  altered  membrane  transport 
properties,  (b)  altered  expression  of  target  enzymes,  (c)  promotion  of  DNA  repair,  (d) 
degradation  of  drug  molecules,  and  (e)  generalized  resistance  to  apoptosis  [35-37].  A  promising 
strategy  for  improving  current  ovarian  cancer  therapy  is  to  employ  a  chemo/radio-sensitizer 
along  with  chemo/radiation  therapies. 

Curcumin  is  an  excellent  candidate  as  a  chemo/radio  sensitizer  and  has  been  shown  to  have  in 
vitro  chemo-sensitization  effects  for  cervical  cancer  and  radio-sensitizing  effects  for  prostate 
cancer  [38,  39].  However,  curcumin’s  utility  for  ovarian  cancer  treatment  has  not  been  fully 
explored  [40-42].  Chirnomas  et  al.  reported  that  a  functional  Fanconi  anemia  (FA)/BRCA 
pathway  limits  sensitivity  to  cisplatin  and  that  curcumin  can  inhibit  this  pathway,  leading  to 
increased  sensitivity  to  cisplatin  treatment  in  ovarian  cancer  cells  [41].  Our  study  shows  that  a  6 
hr  pre -treatment  with  curcumin  effectively  sensitized  cisplatin  resistant  ovarian  cancer  cells  to 
the  cytotoxic  effects  of  cisplatin,  at  doses  at  least  10  times  lower  compared  to  cisplatin  treatment 
alone.  Using  clonogenic  assays,  we  assessed  the  long  tenn  effects  of  curcumin  pre-treatment 
along  with  cisplatin  treatment  or  radiation  exposure.  We  found  that  curcumin  pre-treatment 
followed  by  cisplatin  or  radiation  exposure  dramatically  reduced  colony  formation  compared  to 
either  treatment  alone.  Curcumin  pre-treatment  clearly  lowers  the  dose  of  cisplatin  and  radiation 
treatment  needed  to  suppress  the  growth  of  ovarian  cancer  cells. 
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Apoptosis  is  normally  a  carefully  balanced  system  of  checks  and  balances.  In  cancer  cells,  often 
the  balance  has  been  tilted  to  be  more  resistant  to  the  initiation  of  apoptosis.  Over-expression  of 
pro-survival  Bcl2  family  members  is  common  in  many  types  of  cancer  and  has  been  correlated 
with  decreased  sensitivity  to  chemotherapy  and  radiation  [43].  We  found  that  curcumin  pre¬ 
treatment  reduced  the  expression  of  two  pro-survival  proteins,  Bc1-Xl  and  Mcl-1,  potentially 
allowing  curcumin  treated  cells  to  undergo  apoptosis  upon  cisplatin  treatment.  Indeed,  pre¬ 
treatment  with  curcumin  followed  by  cisplatin  increased  the  percent  of  Annexin  V  positive  cells 
and  increased  the  amount  of  cleaved  caspase  9  and  PARP,  as  compared  to  cisplatin  or  curcumin 
alone,  indicating  that  curcumin  pre-treatment  followed  by  cisplatin  enhanced  apoptosis. 

Curcumin  treatment  reduced  the  transcriptional  activity  and  expression  level  of  P-catenin.  The  P- 
catenin  pathway  is  known  to  be  disrupted  in  a  variety  of  cancers,  including  ovarian  cancer. 
Activation  of  the  P-catenin  signaling  pathway  leads  to  nuclear  localization  of  P-catenin  which 
interacts  with  the  TCF  transcription  factor  and  modulates  the  expression  of  a  wide  range  of 
proto-oncogenes.  The  functions  of  these  responsive  genes  are  thought  to  increase  proliferation 
and  recent  studies  have  also  suggested  that  P-catenin  signaling  may  also  inhibit  apoptosis  [28- 
31].  Taken  together,  these  results  suggest  that  curcumin  pre-treatment  increases  the  effectiveness 
of  cisplatin  treatment  in  cisplatin  resistant  cells  by  increasing  the  sensitivity  of  cells  to  apoptotic 
pathways  and  modulating  nuclear  P-catenin  signaling. 

Curcumin  is  in  early  phase  clinical  trials  for  various  types  of  cancers  [44],  Curcumin  is 
remarkably  well  tolerated  and  has  no  toxicity  issues  [45,  46],  but  it  has  limited  bioavailability  and 
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poor  pharamacokinetics  [47,  48],  To  improve  curcumin’s  in  vivo  effectiveness  we  have 
developed  a  PLGA  nanofonnulation  of  curcumin.  Nanoparticles  can  deliver  anti-cancer  drugs  to 
the  site  of  disease  with  an  antibody  targeting  approach;  however,  major  drawbacks  include 
interaction  with  serum  proteins  (causing  opsonization),  clearance  by  the  reticuloendothelial 
system,  and  non  specific  accumulation  in  organs  [49].  To  counter  these  difficulties  and  to  extend 
the  circulation  time  of  nanoparticles  in  the  blood,  nanoparticles  may  be  modified  with  inert 
hydrophilic  polymers,  such  as  poly(ethylene  glycol)  and  poly(vinyl  alcohol).  In  addition, 
formulating  a  small  particle  size  (less  than  100  nm)  with  high  antibody  conjugation  efficiency 
will  further  enhance  the  ability  to  target  tumors  efficiently  [50].  In  our  current  study,  we  have 
developed  PLGA  nanoparticles  which  are  made  using  FDA  approved  polymer  (PLGA)  and  coated 
with  poly(vinyl  alcohol).  The  formulated  Nano-CUR  effectively  inhibits  proliferation  in  cisplatin 
resistant  ovarian  cancer  cell  lines.  The  size  of  these  PLGA  NPs  were  fonnulated  to  -70  nm 
which  is  an  important  parameter  for  enhancing  the  circulation  life  time  and  ensuring  diffusion  of 
particles  into  tumor  sites.  Recent  literature  suggests  that  antibody  conjugated  nanoparticles  could 
efficiently  deliver  chemotherapeutic  drugs  to  the  tumor  site  [51-53].  Accordingly,  we  have 
shown  efficient  conjugation  of  anti-T AG-72  MAb  to  PLGA  NPs  with  our  conjugation  chemistry 
for  targeting  applications.  Targeted  delivery  of  curcumin  will  improve  the  therapeutic  efficacy  of 
curcumin  and  will  be  useful  for  specific  chemo/radio-sensitization  of  cancer  cells.  Overall,  the 
results  of  this  study  suggest  that  curcumin  pre -treatment  induces  chemo/radio-sensitization  in 
ovarian  cancer  cells  via  modulating  pro-survival  cellular  signaling  and  nanoparticle  mediated 
curcumin  delivery  may  further  improve  the  therapeutic  efficacy  of  curcumin. 
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Conclusion 


We  report  that  curcumin  acts  as  a  chemo/radio-sensitizer  by  modulating  the  expression  of  pro¬ 
survival  proteins  and  increasing  apoptosis  in  response  to  a  low  dose  of  cisplatin.  Nanoparticle 
mediated  curcumin  delivery  will  further  improve  the  sensitization  and  therapeutic  capabilities  of 
curcumin.  This  study  demonstrates  a  novel  curcumin  pre-treatment  strategy  that  could  be 
implemented  in  pre-clinical  animal  models  and  in  future  clinical  trials  for  the  effective  treatment 
of  chemo/radio-resistant  ovarian  cancers. 
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Figure  legends: 

Figure  1.  Curcumin  pre-treatment  effectively  lowers  the  cisplatin  dose  needed  for 
inhibiting  growth  of  cisplatin  resistant  A2780CP  ovarian  cancer  cells.  (A)  Design  of 
treatment  method  for  curcumin  sensitization  followed  by  cisplatin  treatment.  Cisplatin 
resistant  ovarian  cancer  cells  (A2780CP)  were  either  treated  with  curcumin  or  cisplatin  alone  for 
48  hrs,  or  pre-treated  with  curcumin  for  6  hrs  followed  by  cisplatin  for  an  additional  42  hrs.  (B) 
Curcumin  pre-treatment  followed  by  cisplatin  exposure  decreases  cell  proliferation  at 
lower  doses  of  cisplatin.  A2780CP  cells  were  treated  with  either  2.5-40  pM  of  curcumin  (CUR) 
or  cisplatin  (CIS)  alone  for  48  hrs  or  pre-treated  with  10  or  20  pM  curcumin  for  6  hrs  followed 
by  2.5-40  pM  of  cisplatin  treatment  for  42  hrs  (CUR  +  CIS).  Cell  proliferation  was  determined 
by  MTS  assay  and  normalized  to  control  cells  treated  with  appropriate  amounts  of  vehicle 
(DMSO  or  DMSO-PBS).  Data  represent  mean  ±  SE  of  6  repeats  for  each  treatment  and  the 
experiment  was  repeated  three  times.  (C)  Phase  contrast  microscopic  analysis  reveals 
curcumin  sensitization  to  cisplatin.  Phase  contrast  images  of  A2780CP  cells  treated  with 
vehicle  (DMSO,  control),  2.5  pM  CIS  for  48  hrs,  20  pM  CUR  for  48  hrs,  and  20  pM  CUR  for  6 
hrs  followed  by  2.5  pM  CIS  for  42  hrs.  Bar  equals  100  microns. 

Figure  2.  Curcumin  pre-treatment  followed  by  cisplatin  exposure  reduces  the  clonogenic 
potential  of  A2780CP  cells.  A2780CP  cells  were  treated  with  the  indicated  amounts  of 
curcumin  or  cisplatin  alone  or  pre-treated  with  curcumin  for  6  hrs  followed  by  cisplatin  and 
allowed  to  grow  for  8  days.  (A)  Representative  images  of  colony  forming  assays.  (B)  Colonies 
were  counted  and  expressed  as  a  percent  of  the  DMSO  vehicle  control.  Data  represent  mean  of  3 
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repeats  for  each  treatment  (Mean  ±  SE;  *  p<0.017,  compared  to  the  same  cisplatin  dose  without 
curcumin). 

Figure  3.  Curcumin  pre-treatment  sensitizes  cells  to  radiation  exposure  and  reduces  the 
clonogenic  potential  of  A2780CP  cells.  A2780CP  cells  were  treated  with  the  indicated  amounts 
of  curcumin  or  radiation  alone  or  pre-treated  with  curcumin  for  6  hrs  followed  by  radiation 
exposure  and  allowed  to  grow  for  8  days.  (A)  Representative  images  of  colony  forming  assays. 
(B)  Colonies  were  counted  and  expressed  as  a  percent  of  each  respective  dose  of  radiation.  Data 
represent  mean  of  3  repeats  for  each  treatment  (Mean  ±  SE;  *  p<0.017,  compared  to  the 
same  dose  of  curcumin  with  no  radiation  exposure). 

Figure  4.  Curcumin  treatment  alters  the  expression  of  pro-survival  and  pro-apoptosis 
related  proteins.  (A)  Curcumin  decreases  the  expression  of  Bcl2  family  of  pro-survival 
proteins  during  6  hr  pre-treatment.  A2780CP  cells  were  treated  with  20  pM  curcumin  for  6 
hrs  and  protein  lysates  were  collected  and  analyzed  by  immunoblotting  for  Bcl-xl,  Mcl-1  and  P- 
actin.  Appropriate  bands  were  quantified  by  densitometry,  nonnalized  to  P-actin,  scaled  to  the 
DMSO  control  and  expressed  as  relative  expression  levels  (number  beneath  the  blots).  (B) 
Curcumin  pre-treatment  followed  by  low  dose  cisplatin  increases  percent  of  Annexin  V 
positive  cells.  A2780CP  cells  treated  as  indicated  with  vehicle  (DMSO),  curcumin  (20  pM)  or 
cisplatin  (5  pM)  only  or  pre-treated  with  curcumin  (20  pM)  followed  by  cisplatin  (5  pM) 
treatment.  After  48  hrs,  adherent  and  attached  cells  were  stained  with  Annexin  V-PE  and 
analyzed  by  Flow  Cytometry.  Representative  histograms  are  shown  for  1  of  3  similar 
experiments.  (C  and  D)  Curcumin  pre-treatment  promotes  the  induction  of  apoptosis  by 
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cisplatin.  A2780CP  cells  were  treated  as  indicated  for  a  total  of  48  hrs  and  protein  lysates  were 
collected  and  analyzed  by  immunoblotting  for  caspase  9  and  PARP.  (D)  Bands  for  full  length 
and  cleaved  PARP  were  quantified  by  densitometry,  nonnalized  to  P-actin  and  calculated  as  a 
ratio  of  cleaved  PARP  to  full  length  PARP.  Data  represent  mean  of  3  repeats  for  each  treatment 
(Mean  ±  SE,  *  p<0.017,  compared  to  curcumin  only) 

Figure  5.  Curcumin  inhibits  nuclear  p-catenin  signaling.  (A)  Curcumin  inhibits  p-catenin 
transcription  activity.  A2780CP  cells  were  transiently  transfected  with  TOPFlash  or  FOPFlash 
and  co-transfected  with  Renilla  luciferase  to  determine  P-catenin/TCF  transcription  activity.  The 
cells  were  treated  with  20  uM  curcumin,  5  pM  cisplatin  or  a  6  hr  pre -treatment  with  20  pM 
curcumin  followed  by  treatment  with  5  pM  cisplatin.  After  24  hrs  of  incubation,  cell  lysates  were 
collected  and  probed  for  luciferase  activity.  Treatment  of  A2780CP  cell  line  with  20  pM 
curcumin  resulted  in  over  a  60%  reduction  in  P-catenin  activity  (Mean  ±  SE,  n=3,  *p  value 
p<0.017,  compared  to  control).  (B)  Curcumin  treatment  reduces  overall  p-catenin  and  c-Myc 
protein  levels.  A2780CP  cell  lines  were  treated  as  in  (A),  protein  lysates  were  collected  and 
analyzed  by  immunoblotting  for  P-catenin,  c-Myc  and  P-actin.  Protein  bands  were  quantified  by 
densitometry,  nonnalized  to  P-actin,  scaled  to  the  DMSO  control  and  expressed  as  relative 
expression  levels  (number  beneath  the  blots).  Curcumin  treatment  caused  a  50%  reduction  in  P- 
catenin  and  c-Myc  levels. 

Figure  6.  Characterization  of  PLGA-nanoparticle  (NP)  containing  curcumin  (Nano-CUR) 
and  its  in  vitro  therapeutic  efficacy.  (A  and  B)  Nano-CUR  particles  are  an  appropriate  size 

of  ~70  nm.  Nano-CUR  size  was  detennined  by  (A)  dynamic  light  scattering  (DFS)  and  (B) 
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transmission  electron  microscopy  (TEM).  (C)  Nano-CUR  formulation  demonstrates  sustained 
release  of  curcumin.  Cumulative  release  of  curcumin  from  PLGA  NPs  was  determined  by  UV 
spectrophotometer  at  450  mn  over  a  period  of  18  days.  (D)  Nano-CUR  effectively  inhibits  the 
growth  of  cisplatin  resistant  ovarian  cancer  cells.  A2780CP  cells  were  treated  with  Nano- 
CUR  (5-80  |iM)  or  PLGA  NPs  without  curcumin  (NPs  control)  for  48  hrs.  Cell  proliferation  was 
determined  by  MTS  assay  and  nonnalized  to  control  cells  treated  with  vehicle  (PBS).  (E) 
A2780CP  cells  internalize  PLGA-NPs.  A2780CP  cells  were  incubated  with  FITC-PLGA  NPs 
for  6  hrs  and  analyzed  by  fluorescent  microscopy.  Original  magnifications  400X.  Inset  image 
represents  PLGA  NPs  no  FITC.  (F)  Strategy  used  for  antibody  conjugation  of  PLGA-NP  for 
targeted  delivery  of  curcumin  to  ovarian  cancer  cells.  (G)  PLGA-NPs  can  be  conjugated 
with  anti-TAG-72  MAb  (CC49).  PLGA-NPs  were  incubated  with  anti-T AG-72  MAb.  Nano- 
immunoconjugates  were  run  on  10%  SDS-PAGE,  transferred  to  the  PVDF  membrane  and  were 
probed  with  an  anti-mouse  secondary  antibody  as  indicated. 
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Abstract 

This  study  was  designed  to  develop  a  novel  poly((3-cyclodextrin)-curcumin  (PCD-CUR)  self- 
assembly  approach  for  improved  curcumin  delivery  to  prostate  cancer  cells.  Poly((3- 
cyclodextrin)-curcumin  self-assemblies  were  prepared  via  the  cooperation  of  host-guest 
chemistry  and  hydrogen-bonding  interactions.  These  PCD-CUR  self-assemblies  were 
characterized  in  detail  using  Fourier  Transform  Infra-red  (FTIR),  Differential  Scanning 
Calorimetry  (DSC),  Thermo-gravimetric  Analysis  (TGA),  and  Scanning  and  Transmission 
Electron  Microscopic  (SEM/TEM)  analyses.  We  have  proposed  a  putative  self-assembly 
mechanism  of  poly((3-cyclodextrin)-curcumin  complex  formation.  Intracellular  uptake  of  these 
self-assemblies  was  evaluated  by  Flow  cytometry  and  immunofluorescence  microscopy  analyses. 
Therapeutic  efficacy  of  PCD-CUR  self-assembly  was  determined  by  cell  proliferation  and 
colony  formation  assays  using  C4-2,  DU145  and  PC3  prostate  cancer  cells.  The  effect  of  PCD- 
CUR  formulation  on  apoptosis  related  proteins  was  determined  by  immunoblotting.  Physico¬ 
chemical  characterization  analyses  confirmed  the  formation  of  PCD-CUR  self-assemblies,  which 
demonstrated  excellent  stability  and  solubility  in  physiological  solutions.  The  PCD-CUR 
assemblies  have  shown  improved  uptake  and  exhibited  a  superior  anti-cancer  efficacy  compared 
to  free  curcumin  in  cell  proliferation  and  clonogenic  assays  in  C4-2,  DU145  and  PC3  prostate 
cancer  cells.  These  results  suggest  that  PCD-CUR  formulation  could  be  a  useful  nanoscale 
system  for  improving  curcumin  delivery  and  its  therapeutic  efficacy  in  prostate  cancer. 

Key  words:  Curcumin,  poly((3-cyclodextrin),  drug  delivery,  self-assembly,  nanoparticles,  nano¬ 
assembly,  cancer  therapy,  prostate  cancer. 
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Introduction 

Although  chemotherapy  is  a  successful  approach  in  the  management  of  cancers,  severe  side 
effects  and  genetic  heterogeneity  limit  its  use.[1J  The  success  of  chemotherapy  is  not  only 
dependent  on  the  anti-cancer  agent  used,  but  also  on  a  sufficient  therapeutic  index  being 
administered  to  cancer  cells.  Nanotechnology  can  improve  the  overall  clinical  efficacy  of 
chemotherapeutic  agents  by  changing  the  biological  disposition  and  enhancing  the  efficacy  of 
therapeutic  dose.12  Design  of  chemically  flexible  nano-carrier  systems12  for  this  purpose  often 
requires  careful  consideration  of  the  properties  of  the  therapeutic  agents  and  the  biology  of  the 
disease. 

Alternatively,  polymer  assemblies  in  well-defined  nanostructures  such  as  micelles  or  nano¬ 
assemblies  are  of  increased  interest  as  a  means  for  dmg  transport. [4J  A  micro  or  nanogel  self- 
assembly  system  can  be  obtained  from  the  association  of  amphiphilic  block  co-polymers  or 
complexation  of  oppositely  charged  molecules. [5J  These  carriers  allow  encapsulation  of  a  variety 
of  biologically  active  molecules  including  anti-cancer  dmgs,  enzymes,  proteins  (BSA)  and  DNA 
via  hydrogen  bonding  or  complexation. [6J  Polysaccharides  modified  by  hydrophobic  groups  (for 
example,  cholesteryl-group  modified  pullulans),  can  form  instantaneous  monodispersed  nanogel 
stmctures  of  20-30  nm  by  intermolecular  self- aggregations.1^1'7  Cyclodextrin  (CD)  or 
cyclodextrin  polymer  (PCD)  based  self-assemblies/inclusion  complexation  with  various 
chemotherapeutic  agents  have  resulted  in  well  defined  nano-structured  dmg  delivery  systems. [8J 
The  keen  interest  in  developing  cyclodextrin  (a-,  (3-,  y-cyclodextrin)  based  dmg  delivery  systems 
is  due  to  cyclic  bucket  shaped  oligosaccharides  linked  by  a-l,4-glycosidic  bonds  which  form 
macrocycles. [9J  A  higher  stability  to  dmgs  in  these  self-assemblies  is  achieved  by  a  “lock  and 
key”  (host-guest)  mechanism.  (3-cyclodextrin  (CD)  is  a  method  of  choice  for  encapsulation  of 
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chemotherapeutic  agents  because  of  its  semi-natural  nature  with  extremely  low  toxicity. 
Additionally,  it  is  known  to  provide  enhanced  drug  delivery  through  biological  membranes[6aJ 
and  is  being  approved  by  the  FDA. 

Curcumin  (CUR)  is  a  yellow  polyphenol  compound  found  in  the  rhizome  of  the  plant  Curcuma 
Longa  Linn.  This  compound  has  been  widely  in  used  in  traditional  Ayurvedic  and  Chinese 
medicine.  Curcumin  has  been  reported  to  show  anti-inflammatory,  anti-microbial,  anti-oxidant, 
anti-parasitic,  anti-mutagenic  and  anti-cancer  properties. [10J  Curcumin  is  also  known  for  its 
cancer  preventative  and  anti-cancer  activities  via  influencing  multiple  cancer  associated 
signaling  pathways. [1 11  Various  animal  models  and  human  clinical  studies  have  demonstrated  the 
safety  of  curcumin  even  at  dosages  as  high  as  12  g  per  day.  [10d,12’13]  However,  oral  administration 
of  curcumin  at  a  dose  of  2  g  kg"1  to  rats  and  humans  resulted  in  maximum  serum  concentrations 
of  only  1.35  (0.23  pg  mL"1  after  1  h  in  rats  and  0.005  pg  mL"1  after  1  h  in  humans),  indicative  of 
poor  pharmacokinetics. [10dl2J  Therefore,  in  spite  of  superior  anti-cancer  properties,  curcumin 
suffers  from  low  solubility  in  aqueous  solution  (~  20  pg/mL),  rapid  degradation  at  physiological 
pH  and  poor  bioavailability,1 14  which  reflect  its  poor  in  vivo  efficacy.114  In  order  to  enhance  its 
anti-cancer  efficacy,  different  carriers  (polymer  nanoparticles,  polymer  micelles,  surfactants, 
nanogels,  etc.)1 16  have  been  employed  to  improve  water  solubility,  stability  and  bioavailability 
characteristics.  However,  all  these  nano-carriers  are  suitable  for  the  encapsulation  of  first  line 
chemotherapeutic  agents  but  not  for  second  line  chemotherapeutic  agents  such  as  curcumin. 


In  this  study  we  have  developed  a  novel  formulation,  poly((3-cyclodextrin)-curcumin  (PCD- 
CUR)  self-assembly,  to  improve  curcumin’s  water  solubility,  stability  and  bioavailability  for 
enhancing  its  anti-cancer  efficacy  to  treat  prostate  cancer.  Poly((3-cyclodextrin)-curcumin 
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complexes  were  prepared  by  supramolecular  encapsulation  or  self-assembly  (inclusion 
complexation),  characterized  by  using  spectral  (FTIR,  'H-NMR),  thermal  (DSC  and  TGA),  X- 
ray  diffraction  and  microscopic  (SEM  and  TEM)  analyses.  The  developed  curcumin 
formulations  showed  an  improved  intracellular  uptake  in  cancer  cells  compared  to  free  curcumin. 
Additionally,  the  optimized  curcumin  formulation  (PCD30)  has  exhibited  superior  anti-cancer 
efficacy  in  prostate  cancer  cells  compared  to  free  curcumin.  This  study  suggests  a  new  nano  self- 
assembly  approach  for  improved  curcumin  delivery  and  therapeutic  efficacy  in  cancer  treatment. 


Materials  and  Methods 

Chemicals  and  Cell  Lines 

(3-cyclodextrin  polymer  or  poly((3-cyclodextrin)  (PCD)  (Product  No.  C2485,  Average  molecular 
weight  =  2,975  to  4,120;  Molecular  weight  distribution  =  2,000  to  15,000;  Cyclodextrin  content 
=  50  to  55%),  curcumin  (CUR)  (>95%  purity,  (E,E)-l,7-bis(4-Hydroxy-3-methoxyphenyl)-l,6- 
heptadiene-3,5-dione),  acetone  (>99.5,  ACS  reagent  grade),  and  dimethylsulfoxide  (DMSO) 
(ACS  reagent,  UV  spectrophotometry  grade,  >99.9%)  were  purchased  from  Sigma  Chemical  Co. 
(St  Louis,  MO,  USA).  Prostate  cancer  cells  lines  C4-2,  DU145  and  PC-3  cells  were  kindly 
provided  by  Dr.  Meena  Jaggi.  These  cells  were  maintained  as  monolayer  cultures  (C4-2  and  PC- 
3)  in  RPMI-1640  medium  or  in  MEM  medium  (DU145)  (HyClone  Laboratories,  Inc.,  Logan, 
UT,  USA)  supplemented  with  10%  fetal  bovine  serum  (Atlanta  Biologicals,  Lawrenceville,  GA, 
USA)  and  1%  penicillin-streptomycin  (Gibco  BRL,  Grand  Island,  NY,  USA)  at  37  °C  in  a 


humidified  atmosphere  (5%  CO2). 
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Preparation  of  PCD  Curcumin  Self-assembly 

To  prepare  PCD  curcumin  self-assembly  formulations,  poly( (3-cyclodextrin)  (PCD)  (40  mg)  was 
dissolved  in  8  mL  deionized  water  in  a  20  mL  glass  vial  (Fisher  Scientific,  Pittsburg,  PA,  USA) 
containing  a  magnetic  bar.  Curcumin  (2  mg,  i.e.,  5%  (wt./wt.)  CUR  to  PCD)  dissolved  in  500  pL 
acetone  was  drop-wise  added  to  PCD  aqueous  solutions  while  stirring  at  400  rpm.  The  solution 
was  stirred  overnight,  passed  through  a  0.45  pm  Millex  PVDF  Syringe  driven  filer  unit 
(Millipore  Corporation,  Bedford,  MA,  USA),  and  the  supernatant  containing  highly  water 
soluble  poly((3-cyclodextrin)-curcumin  (PCD-CUR)  self  assembly,  i.e.,  PCD5  (inclusion 
complex),  was  recovered  by  freeze  drying  (Labconco  Freeze  Dry  System;  -48  °C,  133  x  10’ 
mBar;  Labconco,  Kansas  City,  MO,  USA). 

Similarly,  PCD10  (40  mg  of  PCD  +  4  mg  of  CUR),  PCD20  (40  mg  of  PCD  +  8  mg  of  CUR),  and 
PCD30  (40  mg  of  PCD  +12  mg  of  CUR)  self-assembly  formulations  were  prepared  and  purified 
as  mentioned  above.  All  the  PCD-CUR  self-assemblies  were  stored  at  4  °C  until  further  use.  The 
prepared  PCD-CUR  self-assemblies  were  designated  as  PCD5,  PCD  10,  PCD20  and  PCD30 
based  on  the  %  of  CUR  employed  in  the  preparations  with  respect  to  PCD. 

Curcumin  (CUR)  Loading 

In  order  to  estimate  the  amount  of  curcumin  present  in  PCD-CUR  self-assemblies,  2-3  mg  of 
PCD-CUR  self-assemblies  were  dissolved  in  1  mL  dimethylsulfoxide  (DMSO),  gently  shaken  on 
a  shaker  (Labnet  S  2030-RC,  RPM  150,  Labnet  International,  Woodbridge,  NJ,  USA)  for  24  h  at 
room  temperature  in  the  dark  and  centrifuged  at  14,000  rpm  (Centrifuge  5415D,  Eppendorf  AG, 
Hamburg,  Germany).  The  supernatant  was  collected  and  diluted  supernatant  (20  pL  in  1  mL 
DMSO)  was  used  for  the  estimations.  The  CUR  concentrations  were  determined  by  a  standard 
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UV-Vis  spectrophotometer  method  (Biomate  3,  Thermo  Electron  Corporation,  Hudson,  NH, 
USA)  at  450  nm,  as  described  earlier. [16ll]  A  standard  plot  of  CUR  in  DMSO  (0-10  pg/mL)  was 
prepared  under  identical  conditions.  The  CUR  loading  was  calculated  as  follows:  CUR  loading  = 
CUR  recovered  in  PCD-CUR  self-assembly/PCD-CUR  assembly  recovered. 

In  vitro  Stability  of  PCD-CUR  Self-assemblies 

In  vitro  stability  of  self-assemblies  was  carried  out  in  physiological  buffer  solution  (1XPBS,  0.01 
M  PBS,  pH  7.4).  For  this  study,  ~  10  mg  of  CUR  containing  PCD-CUR  self-assemblies  (PCD5, 
PCD10,  PCD20  and  PCD30)  were  dispersed  in  5  mL  of  PBS  and  incubated  at  37  °C  under  gentle 
shaking  on  a  shaker  (Labnet  S  2030-RC,  RPM  150,  Labnet  International,  Woodbridge,  NJ, 
USA).  The  CUR  retention  was  determined  at  different  time  intervals  using  UV-Vis 
spectrophotometer  as  described  in  CUR  loading  experiments.  The  %  curcumin  retention  was 
calculated  using  the  following  equation:  %  CUR  retention  =  [(CUR  in  assembly  -  Released 
curcumin)  /CUR  in  assembly]  x  100. 

Characterization 

The  Fourier  Transform  Infrared  (FTIR)  spectra  of  PCD,  CUR  and  PCD-CUR  self-assemblies 
were  recorded  employing  a  Smiths  Detection  IlluminatIR  FT-IR  microscope  (Danbury,  CT, 
USA)  with  diamond  ATR  objective.  FTIR  spectra  of  samples  were  acquired  by  placing  self- 
assembly  powder  on  the  tip  of  the  ATR  objective.  Data  was  acquired  between  4000-750  cm"1  at 
a  scanning  speed  of  4  cm"1  for  32  scans.  The  average  data  of  32  scans  was  presented  as  FTIR 
spectra.  The  'H-NMR  spectra  were  obtained  in  DMSO-aV,  using  the  Bruker  Avance  DRX  500 
MHz  NMR  spectrophotometer.  The  following  parameters  were  used  during  the  NMR 
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experiments:  number  of  scans,  64;  relaxation  delay,  1.0  s;  and  pulse  degree,  25  °C.  The  chemical 
shifts  are  presented  in  terms  of  ppm  with  tetramethylsilane  (TMS)  as  the  internal  reference. 

The  Differential  scanning  calorimeter  (DSC)  and  Thermo-gravimetric  analyzer  (TGA)  analysis 
of  PCD,  CUR  and  PCD-CUR  self-assemblies  were  performed  on  a  TA  Instruments  Q200  DSC 
or  TA  Instruments  Q50  TGA  (TA  Instruments,  New  Castle,  Delaware,  USA)  at  The  Applied 
Polymer  Research  Center,  The  University  of  Akron  (Project  #  139-10APRC).  The  cell  constant 
calibration  method  was  employed  to  study  the  DSC  patterns  of  the  samples  from  25  °C  to  300  °C 
at  a  heating  ramp  of  10  °C,  under  a  constant  flow  (100  mL/min)  of  nitrogen  gas.  TGA  study  was 
conducted  from  25  °C  to  700  °C  at  a  heating  ramp  of  10  °C,  under  a  constant  flow  (100  mL/min) 
of  nitrogen  gas.  This  study  followed  the  20STD800  standard  rubber  analysis  method.  X-ray 
diffraction  (XRD)  patterns  of  PCD,  CUR  and  PCD-CUR  self-assemblies  were  recorded 
employing  a  D/Max  -  B  Rikagu  diffractometer  (Rigaku  Americas  Corp,  Woodlands,  TX,  USA) 
using  Cu  radiation  at  2  =  0.1546  nm,  running  at  40  kV  and  40  mA.  The  samples  were  mounted 
on  double  sided  silicone  tape  and  measurements  were  performed  at  2  9  from  20  to  50°. 

The  transmission  electron  microscope  images  were  taken  on  a  JEOL-1210  transmission  electron 
microscope  (JEOL,  Tokyo,  Japan)  operating  at  60  kV.  Approximately  10-20  pL  of  the  diluted 
dispersions  of  PCD-CUR  self-assemblies  was  placed  on  a  200  mesh  formvar-coated  copper  TEM 
grid  (grid  size:  97  pm)  (Ted  Pella  Inc.,  Redding,  CA,  USA),  excess  solution  was  removed  using 
a  piece  of  fine  filter  paper,  and  the  samples  were  allowed  to  dry  in  air  overnight  prior  to  imaging 
under  TEM. 


CUR  and  PCD-CUR  Self-assemblies  Cellular  Uptake 


8 


To  visually  compare  the  uptake  of  CUR  and  PCD-CUR  self-assembly  (PCD30)  in  prostate 
cancer  cells,  5  x  105  cells  were  seeded  in  6-well  plates  in  2  mL  medium.  After  cells  were 
attached,  media  was  replaced  with  10  pg  free  CUR  or  equivalent  CUR  containing  PCD-CUR 
self-assembly  (PCD30).  After  6  h,  cells  were  washed  with  PBS  and  examined  under  an  Olympus 
BX  51  fluorescence  microscope  (Olympus,  Center  Valley,  PA). 

CUR  cellular  uptake  was  quantified  using  an  Acuri  C6  flow  cytometer  (Accuri  Cytometers,  Inc., 
Ann  Arbor,  MI,  USA)  by  determining  the  fluorescence  levels  in  FL1  channel  (488  excitation, 
Blue  laser,  530  ±  15  nm,  FITC/GFP).  Briefly,  DU145  cells  (5  x  105)  were  seeded  in  6-well  plates 
(2  mL  medium),  and  allowed  to  attach  overnight.  Cells  were  then  treated  with  10  pg  CUR  or 
equivalent  PCD-CUR  complexes  (PCD5,  PCD  10,  PCD20  and  PCD30)  in  each  well.  After  1  or  2 
days  the  cells  were  washed  twice  with  IX  PBS,  trypsinized,  centrifuged  and  collected  in  2  mL 
media.  These  cell  suspensions  (50  pL)  were  injected  into  a  flow  cytometer  to  determine  the 
fluorescence  levels. 

In  vitro  Cytotoxicity  (MTS  Assay) 

C4-2,  DU145  and  PC-3  prostate  cancer  cells  (5000  cells/well  in  100  pL  media)  were  cultured  in 
RPMI- 1640/MEM  medium  containing  10%  FBS  and  1%  penicillin-streptomycin  in  96-well 
plates  and  allowed  to  attach  overnight.  The  media  was  replaced  with  fresh  media  containing 
different  concentrations  (2.5-40  pM)  of  CUR  and  PCD-CUR  self-assembly  (PCD30).  Equivalent 
amounts  of  DMSO  or  PCD  in  PBS  were  used  as  control.  These  plates  were  incubated  at  37  °C 
for  2  days.  After  day  2,  the  media  was  replaced  with  fresh  media  and  the  anti -proliferative 
activity  of  CUR  and  PCD30  was  determined  using  a  standard  3-(4,5-dimethylthiazol-2yl)-2,5- 
diphenyltetrazolium  bromide  (MTS)  based  colorimetric  assay  (CellTiter  96  AQe0Us,  Promega, 


9 


Madison,  WI,  USA).  The  reagent  (25  pF/well)  was  added  to  each  well  and  plates  were  incubated 
for  3  h  at  37  °C.  The  color  intensity  was  measured  at  492  nm  using  a  microplate  reader  (BioMate 
3  UV-Vis  spectrophotometer,  Thermo  Electron  Corporation,  Hudson,  NH,  USA).  The  anti¬ 
proliferative  activity  of  CUR  and  PCD30  treatments  was  calculated  as  a  percentage  of  cell 
growth  with  respect  to  the  DMSO  and  PCD  in  PBS  controls.  Representative  phase  contrast 
microscope  images  of  cells  were  taken  using  an  Olympus  BX  41  microscope  (Olympus,  Center 
Valley,  PA,  USA)  before  adding  MTS  reagents. 

Colony  Formation  Assay 

C4-2,  DU145  and  PC3  prostate  cancer  cells  (1000)  were  seeded  in  2  mL  media  in  6-well  plates 
and  allowed  2-3  days  to  initiate  the  colonies.  These  cells  were  treated  with  different 
concentrations  (2-10  pM)  of  CUR  or  PCD30  over  a  period  of  10-12  days.  The  plates  were 
washed  twice  with  IX  PBS,  fixed  in  chilled  methanol,  stained  with  hematoxylin  (Fisher 
Scientific,  Fair  Fawn,  NJ,  USA),  washed  with  water  and  air  dried.  The  number  of  colonies  was 
counted  by  using  Multimage™  Cabinet  (Alpha  Innotech  Corporation,  San  Feandro,  CA,  USA) 
using  AlphaEase  Fc  software.  The  %  colonies  were  calculated  using  the  number  of  colonies 
formed  in  treatment  divided  by  number  of  colonies  formed  in  DMSO  or  PCD  in  PBS  controls. 


Statistical  Analysis.  Values  were  processed  using  Microsoft  Excel  2007  software  and  presented 
as  mean  ±  standard  error  of  the  mean  (S.E.M.).  Statistical  analyses  were  performed  using  an 
unpaired,  two  tailed  student  t-test.  The  level  of  significance  was  set  at  *p  <  0.05.  All  the  graphs 
were  plotted  using  Origin  6.1  software. 
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Results  and  Discussion 

Poly(P-cyclodextrin)  and  Curcumin  Self-assembly  Formation 

A  number  of  investigations  have  been  conducted  to  develop  efficient  dmg  delivery  systems  for 
cancer  chemotherapy/171  These  studies  suggest  that  a  successful  formulation  of  a  polymeric  drug 
delivery  carrier  must  be  capable  of  encapsulating  or  loading  the  desired  amounts  of  drug  within 
its  structures  and  deliver  them  in  active  form  to  the  cancerous  tissues.  Apart  from  nanoparticles, 
inclusion  complexes  or  self-assemblies  of  polymers  with  dmg  molecules  have  potential 
applications  in  dmg  delivery/181  Various  groups  have  employed  host-guest  complexation 
between  cyclodextrins  and  a  wide  range  of  guest  molecules  to  create  macromolecular  networks 
(self-assemblies  or  inclusion  complexes)  for  drug  delivery  applications/191 

In  this  study  we  developed  poly((3-cyclodextrin)-curcumin  (PCD-CUR)  self-assemblies  by 
following  solvent  evaporation  technique  (Figure  1A).  This  approach  loads  different  amounts  of 
curcumin  (CUR)  into  the  cavities  of  (3-cyclodextrins  containing  repeating  units  in  PCD.  The 
loading  capacity  of  CUR  is  increased  when  the  ratio  of  CUR  to  PCD  (Figure  2A)  is  increased. 
The  order  of  loading  capacity  (pg  of  CUR/mg  of  PCD)  is  PCD5  (48.5)  <  PCD10  (115.2)  < 
PCD20  (163.4)  <  PCD30  (223.2).  From  the  drug  loading  experiments,  it  was  confirmed  that  each 
cyclodextrin  cavity  of  PCD  is  filled  with  0.27%  (PCD5),  0.65%  (PCD10),  0.91%  (PCD20),  and 
1.25%  (PCD30)  of  curcumin  molecules.  This  clearly  indicates  that  PCD  30  formulation 
contained  in  each  CD  cavity  is  filled  with  either  one  or  more  than  one  CUR  molecules  (Figure 
1).  According  to  the  dmg  loading  results,  CUR  is  encapsulated  into  the  PCD  stmctures  up  to  23 
w/w%  (PCD30  self-assembly)  which  is  a  considerably  high  amount  compared  to  the  majority  of 
other  nanoparticle -based  formulations/1611'  16h' 201  Curcumin  is  known  to  have  very  low  solubility 
in  aqueous  solution  (~  20  pg/mL)  and  possesses  rapid  degradation  characteristics/14'  16c' 211  The 


11 


developed  PCD-CUR  self-assemblies  have  shown  enormous  improvements  in  aqueous  solubility 
and  stability  characteristics.  These  self-assemblies  are  highly  soluble  in  water,  i.e.,  >1.6  mg  of 
curcumin  equivalent.  This  solubility  is  much  higher  compared  to  other  CD-CUR  inclusion 
complexes  in  water  (0.6  mg/mL  of  CUR). [  141  The  higher  solubility  characteristics  may  result 
from  the  better  compatibility  between  PCD  and  CUR  compounds.  The  higher  compatibility  of 
PCD  and  CUR  in  PCD-CUR  complexes  can  provide  an  increased  in  vitro  stability  of  CUR  in 
aqueous  medium.  These  PCD-CUR  inclusion  complexes  have  shown  high  in  vitro  stability  at 
physiological  pH  conditions  (7.4)  (Figure  2B),  whereas  CUR  did  not  show  significant 
stability. [14J  The  order  of  stability  for  72  h  was  noticed  as  PCD30  (~  88.7%)  >  PCD20  (~  82.5%) 
>  PCD10  (~  77.4%)  >  PCD5  (~  71.2%).  Only  11%  of  CUR  was  precipitated  in  the  case  of 
PCD30  while  CUR  precipitated  almost  100%.  The  higher  stability  in  PCD30  self-assembly  may 
be  due  to  nano-assembly  formation  in  which  curcumin  is  highly  entrapped  in  the  PCD  chain 
networks. 


Figure  1  and  Figure  2 

Physico-chemical  Characterization  of  PCD-CUR  Self-assemblies 

The  implementation  of  a  drug  after  administration  in  vivo  depends  strictly  on  the  physico¬ 
chemical  characteristics  of  the  parent  drug  and  its  chemical  structure;  thus  physico-chemical 
characterization  of  drug  encapsulated  particles  or  self-assemblies  becomes  important. [I7J  The 
pattern  of  self-assembly  or  drug  carrier  in  terms  of  particle  size  is  an  important  factor  as  it  directs 
the  physical  characteristics,  cellular  uptake,  distribution  and  release  of  encapsulated  drug  from 
the  assemblies/nanoparticles. [2'  I7l  Therefore,  our  PCD-CUR  self-assemblies  were  studied  for 
their  extensive  physico-chemical  characterization. 
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The  FTIR  spectra  of  PCD,  CUR  and  PCD-CUR  self-assembly  are  shown  in  Figure  3A.  CUR 
exhibited  an  absorption  band  at  3496  cm"1  attributed  to  the  phenolic  0-H  stretching  vibration. 
Additionally,  sharp  absorption  bands  at  1605  cm"1  (stretching  vibrations  of  benzene  ring  of 
CUR),  1502  cm"1  (C=0  and  C=C  vibrations  of  CUR),  1435  cm"1  (olefinic  C-H  bending 
vibration),  1285  cm"1  (aromatic  C-0  stretching  vibrations),  and  1025  cm"1  (C-O-C  stretching 
vibrations  of  CUR)  were  noticed.  In  the  case  of  PCD,  absorption  bands  were  noticed  at  3325  cm" 
1  and  1025  cm"1  due  to  the  O-H  stretching  vibrations  and  C-O-C  stretching  vibrations.  However, 
the  PCD-CUR  self-assembly  showed  a  sharp  peak  belonging  to  CUR  at  1025  cm"1  while  the  rest 
of  the  peaks  were  diminished,  indicating  typical  inclusion  complex  patterns.  In  addition,  the 
PCD-CUR  self-assembly  has  shown  all  the  peaks  belonging  to  PCD  as  well  as  CUR  peaks  in  'H- 
NMR  spectra  (Figure  3B)  but  the  CUR  peaks  were  shifted.  X-ray  diffraction  patterns  of  PCD, 
CUR  and  PCD-CUR  self-assembly  are  depicted  in  Figure  3C.  CUR  showed  few  characteristic 
crystalline  peaks  between  20  and  30  (21.26,  23.35,  24.68  and  26.54°)  while  PCD  had  no 
crystalline  peaks.  In  the  case  of  PCD-CUR  self-assembly,  both  the  crystalline  peaks  of  CUR  and 
the  amorphous  nature  of  PCD  can  be  observed.  Spectral  and  X-ray  diffraction  studies  provide 
clear  evidence  of  formation  of  PCD-CUR  self-assembly.1 [lld' 19a] 

Figure  3 

Thermal  studies  (DSC  and  TGA)  can  provide  useful  information  in  elucidating  the  physical  state 
of  drug(s)  that  exists  in  various  polymers,  complexes  and  nanoparticles. [22J  In  particular, 
complexation  of  a  drug  and  cyclodextrin  or  polymer  results  in  the  absence/shifting  of 
endothermic  peaks  indicating  a  change  in  the  crystal  lattice,  melting,  boiling,  or  sublimation 
points. [6a]  Therefore,  these  measurements  can  provide  both  qualitative  and  quantitative 
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information  of  dmg(s)  present  in  the  complexes.  The  DSC  thermograms  of  PCD,  CUR  and  PCD- 
CUR  self-assembly  are  presented  in  Figure  4A.  PCD  (black  line)  and  CUR  (red  line)  have  shown 
individual  endothermic  peaks  at  92.6  °C  and  172  °C,  respectively,  due  to  their  melting 
temperature.  In  the  case  of  PCD-CUR  self-assembly,  the  prominent  melting  peak  belonging  to 
CUR  at  172  °C  was  largely  diminished  and  the  PCD  melting  peak  (green  line)  shifted  lower  from 
92.6  to  87.5  °C.  This  was  attributed  to  the  drag  molecules  being  completely  included  into  the 
cavities  of  (3-cyclodextrin  of  PCD.  Further,  this  behavior  is  an  indication  of  stronger  interactions 
between  CD  cavities  in  PCD  and  CUR  in  solid  state.  A  similar  phenomenon  was  observed  in 
various  cyclodextrins  and  curcumin  inclusion  complexes. 

The  thermo-gravimetric  curves  of  PCD  (black  line),  CUR  (red  line)  and  CD-CUR  inclusion 
complex  (PCD30)  (green  line)  shown  in  Figure  4B,  illustrate  a  complete  degradation  of  PCD 
chains  at  700  °C  (i.e.,  weight  loss  is  100%)  while  at  700  °C,  curcumin  is  degraded  only  68%. 
Unlike  PCD,  PCD-CUR  formulation  (PCD30)  showed  an  improved  thermal  stability  due  to  the 
presence  of  CUR  (Figure  4B,  green  line).  This  is  probably  due  to  formation  of  CUR  inclusion 
complexation  with  CD  cavities  of  PCD. 

Figure  4 

It  is  well  known  that  morphology  of  self-assemblies  or  inclusion  complexes  can  be  distinguished 
from  their  parent  polymers  and  drug  molecules  by  microscopy.  To  obtain  precise  information  of 
their  self-assembly  structures  in  aqueous  solution,  TEM  studies  were  performed  for  PCD-CUR 
self-assemblies  (Figure  5).  Because  of  a  high  disparity  of  PCD  in  aqueous  media,  smaller  self- 
assemblies  were  exhibited  (Figure  5A).  However,  CUR  is  barely  dispersible  in  water,  resulting  in 
completely  aggregated  structures  (Figure  5B).  PCD5  illustrates  smaller  assemblies  with  larger 
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clusters  (Figure  5C).  This  cluster  formation  changed  with  the  increase  of  CUR  in  PCD  self- 
assemblies  or  inclusion  complexation  (PCD10  to  PCD  30,  Figure  5D-F).  A  higher  concentration 
of  CUR  in  PCD  complexation  leads  to  the  formation  of  a  nano-assembly  containing  particles  ~ 
250  nm. 


Figure  5 

It  is  evident  from  the  TEM  analysis  that  the  nano-  or  self-assembly  process  occurs  between  the 
(3-cyclodextrin  cavities  of  PCD  and  CUR  via  van  der  Walls  interaction,  hydrogen  bonding  and 
hydrophobic  interactions.  A  possible  nano-assembly  mechanism  was  revealed  for  PCD-CUR 
(see  Figure  1A,  PCD30  structure).  During  this  process,  release  of  high  energy  water  molecules 
from  the  cavity  of  CD  occurs  and  curcumin  enters  the  molecule.  The  feasibility  of  the  entire 
process  was  reported  for  various  binary  complexes  of  curcumin  with  the  hydrophobic  molecule 
of  CD.[23] 


From  this  study,  there  is  a  clear  confirmation  of  PCD-CUR  self-assemblies  formation  via 
inclusion  complexation  mechanism.  This  inclusion  complexation  of  (3-cyclodextrin  and  curcumin 
is  highly  favored  by  Gibbs’  free  energy  process[23]  and  supports  the  notion  that  (3-CD  cavities  in 
PCD  solutions  offer  a  positive  environment  for  curcumin  (CUR)  self-assembly.  The  lyophilic 
cavities  of  (3-CD  in  PCD  chains  protect  the  guest  molecule  (CUR)  from  the  aqueous 
environment,  while  the  polar  outer  surface  of  the  (3-CD  molecule  provides  a  stabilization  effect. 
These  additional  characteristics  of  (3-CD  repeating  units  in  PCD  suggest  that  pharmaceutical 
preparations  could  be  utilized  for  efficient  delivery  of  curcumin  to  cancer  cells. 
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PCD-CUR  Self-assemblies  Improved  Curcumin’s  Cellular  Uptake  in  Prostate  Cancer  Cells 

An  ideal  drug  delivery  system  for  cancer  therapy  should  prolonge  drug  presence  in  the 
circulation  and  releases  the  drugs  at  tumor  sites.12 1  When  characterizing  the  cellular  uptake  and 
distribution  of  CUR  or  CUR  in  PCD-CUR  self-assemblies  in  human  prostate  cancer  cell  lines, 
the  inherent  fluorescence  property  of  CUR  was  taken  into  account.  Characterization  of  cell 
surface  by  fluorescence  microscopy  indicated  improved  fluorescence  intensity  in  the  cells  treated 
with  PCD-CUR  self-assemblies  compared  to  free  CUR  treated  cells  (Figure  6A),  whereas  cancer 
cells  treated  with  DMSO  or  PCD  did  not  show  any  fluorescence  in  the  cells  (Figure  6A).  To 
determine  the  exact  internalization  capacity  of  various  PCD-CUR  self-assemblies,  FACS 
analysis  was  performed.  For  this  study,  DU145  cells  were  incubated  with  10  pg  CUR  or  PCD- 
CUR  self-assemblies  for  1  or  2  days.  A  significant  increase  in  CUR  accumulation  in  DU145 
cancer  cells  was  observed  in  PCD-CUR  self-assemblies  compared  to  free  CUR  treatment  (Figure 
6B). 

Figure  6 

A  similar  improved  uptake  characteristic  has  been  shown  in  other  studies  for  curcumin 
encapsulated  polymer  nanoparticles,  nanogels  and  polymeric  micelles  in  different  cancer  cells. 
Li6a,  25]  L1pta]<e  phenomenon  in  DU145  prostate  cancer  cells  increased  from  PCD5  to  PCD30 
self-assemblies.  A  3-4  fold  increased  uptake  of  CUR  was  noticed  in  PCD20  or  PCD30  treated 
cells  compared  to  free  CUR.  This  reveals  that  only  a  certain  number  of  PCD-CUR  self- 
assemblies  are  capable  of  entering  the  cells.  On  the  other  hand,  PCD-CUR  self-assemblies  which 
are  nanometer  scale  particles  or  assemblies  not  only  have  better  access  to  cells  but  are  retained  at 
a  higher  rate  because  of  “enhanced  permeation  and  retention”  effect.[26J  The  lower  cellular 
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accumulation  of  free  CUR  by  cancer  cells  might  be  due  to  either  rapid  degradation  or 
precipitation  in  the  media.[141  These  results  suggested  that  overall,  PCD30  self-assembly  had  a 
better  uptake  in  DU145  cells  and  therefore  it  was  speculated  that  PCD30  self-assembly  will 
exhibit  enhanced  cytotoxicity  effects  compared  to  free  CUR  or  other  PCD-CUR  self-assemblies 
(PCD5,  PCD10  and  PCD20).  Therefore,  PCD30  self-assembly  was  utilized  for  in  vitro  growth 
assays  (MTS  assay  and  clonogenic  assay)  in  human  prostate  cancer  cell  lines. 


PCD-CUR  Self-assembly  Enhanced  Anti-cancer  Efficacy  of  Curcumin 

The  cytotoxicity  activity  of  free  CUR  or  PCD-CUR  self-assembly  (PCD30)  was  evaluated  in 
different  prostate  cancer  cell  lines  (C4-2,  DU  145  and  PC3  cell  lines)  by  MTS  cell  viability  assay. 
In  all  cell  lines,  both  free  CUR  and  PCD30  have  shown  dose  dependant  anti-proliferative  effects 
(2.5-40  pM)  while  DMSO  or  PCD  treatments  used  as  controls  for  free  CUR  and  PCD30, 
respectively,  did  not  show  any  effects  on  cell  growth  (Figure  7 A).  The  IC50  (50%  cell  growth 
inhibitory  concentration)  of  curcumin  loaded  poly((3-cyclodextrin)  (PCD  30)  was  found  to  be 
12.5,  15.9,  16.1  pM  for  C4-2,  DU145,  and  PC3  cancer  cells,  respectively,  whereas  free  curcumin 
IC50  values  were  19.6,  19.25,  19.4  pM  for  C4-2,  DU145,  and  PC3  cancer  cells,  respectively.  This 
data  suggest  that  PCD30  is  more  efficient  for  the  suppression  of  prostate  cancer  cell  growth 
compared  to  other  PCD  formulations  and  free  CUR.  This  effect  can  also  be  observed  in  phase 
contrast  microscopy  images  (Figure  7B).  From  these  images,  it  is  evident  that  CUR  treatment  has 
shown  a  moderate  decrease  in  cell  growth,  while  CD30  not  only  reduced  cell  growth  to  a  greater 
extent  but  also  caused  apoptosis  related  cell  morphology  changes  in  prostate  cancer  cells.  Based 
on  the  morphological  changes  caused  by  PCD-CUR,  we  have  investigated  the  pattern  of 
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Poly(ADP-ribose)  polymerase  (PARP)  cleavage  pattern.  PARP  is  a  protein  involved  in  a  number 
of  cellular  processes  including  DNA  repair  and  programmed  cell  death.  It  has  been  shown  that 
PARP  cleavage  is  the  onset  of  apoptosis  in  several  cell  model  systems. [27J  Cleavage  of  PARP  is 
an  indicator  of  DNA  damage  and  apoptosis  in  response  to  a  diverse  range  of  cytotoxic  insults. [28] 
Prostate  cancer  cells  treated  with  20  pM  CUR  or  equivalent  amounts  of  PCD30  showed 
considerable  cleavage  of  full  length  PARP  (116  kDa)  into  cleaved  PARP  (86  kDa),  which 
indicates  the  cancer  cells  are  undergoing  cell  death  via  apoptosis  pathway  (Figure  7C).  The 
PARP  cleavage  caused  by  PCD30  is  greater  than  free  curcumin  treatment,  indicating  improved 
efficacy  of  PCD30  formulation  for  prostate  cancer  therapy. 

Figure  7 

It  is  also  important  to  evaluate  long-term  anti-cancer  efficacy  of  the  developed  dmg(s)  or  dmg(s) 
formulations.  Therefore,  the  long  term  anti-cancer  efficacy  of  PCD30  formulation  was  evaluated 
employing  a  colony  forming  assay  (Clonogenic  assay).  We  tested  the  anti-cancer  effects  of  free 
CUR  and  PCD30  formulation  in  C4-2,  DU145  and  PC3  cancer  cell  lines  at  equivalent  doses  of 
2-10  pM.  Equivalent  quantities  of  DMSO  or  PCD  were  used  as  controls  for  CUR  and  PCD30, 
respectively.  Measurement  of  the  density  of  colonies  showed  a  significant  improvement  in  the 
therapeutic  efficacy  of  PCD30  formulation  in  all  three  cell  lines  compared  to  free  CUR  (Figure 
8).  Collectively,  the  presented  data  demonstrate  an  enhanced  anti-cancer  therapeutic  efficacy  of 
PCD30  formulation  compared  to  free  curcumin  via  improving  cellular  uptake  of  curcumin  in 
prostate  cancer  cells. 


Figure  8 


18 


Conclusion 

We  have  developed  a  novel  PCD-curcumin  (PCD-CUR)  self-assembly  through  the  inclusion 
complexation  mechanism  which  improves  curcumin  delivery  and  enhances  its  therapeutic 
efficacy  for  prostate  cancer  treatment.  The  PCD-CUR  self-assemblies  were  able  to  effectively 
cross  cellular  barriers  and  enter  into  the  intracellular  region  of  the  cancer  cells.  The  PCD-CUR 
self-assembly  (PCD30)  exhibits  enhanced  anti-cancer  activity  compared  to  free  curcumin. 
Therefore,  the  PCD30  formulation  can  be  used  for  improving  curcumin  bioavailability  and 
delivery  in  tumors  for  effective  prostate  cancer  treatment. 
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Captions  of  the  Figures 

Figure  1.  (A)  Schematic  representation  of  PCD-CUR  self-assembly  (inclusion  complexation) 
formation. 

Figure  2.  (A)  Curcumin  loading  into  (3-cyclodextrin  cavities  of  PCD.  Curcumin  loading 
expressed  as  pg  of  curcumin  present  in  mg  of  PCD-CUR  inclusion  complex.  (B)  Stability  curves 
of  PCD-CUR  self-assemblies  with  time. 

Figure  3.  (A)  FTIR  spectra  (B)  'fUNIVIR  spectra  and  (C)  X-ray  diffraction  patterns  of  PCD, 
CUR,  and  PCD-CUR  (PCD30)  self-assemblies. 

Figure  4.  (A)  DSC  and  (B)  TGA  curves  of  PCD,  CUR,  and  PCD-CUR  (PCD30)  self-assemblies. 

Figure  5.  TEM  analysis  of  PCD,  CUR  and  PCD-CUR  self-assemblies  (PCD5,  PCD10,  PCD20 
and  PCD30). 

Figure  6.  Cellular  uptake  of  CUR  or  PCD-CUR  self-assemblies  in  prostate  cancer  cells.  (A) 
Fluorescence  images  of  C4-2,  DU145  and  PC3  prostate  cancer  cells  treated  with  DMSO,  PCD, 
CUR,  or  PCD-CUR  self-assembly  (PCD30).  Original  magnifications  200X.  (B)  Flow  Cytometric 
analysis  for  cellular  uptake  of  CUR  and  PCD-CUR  self-assembly  (PCD30)  in  DU145  cells.  Data 
represents  average  of  3  repeats.  *p  <  0.05  represents  significant  difference  from  the  curcumin 
uptake.  Y  axis:  RFL  represents  relative  fluorescence  measured  using  FACS. 

Figure  7.  (A)  Viability  of  prostate  cancer  cells  with  CUR  and  PCD-CUR  self-assembly 
treatment.  (B)  Phase  contrast  microscopy  images  of  20  pM  CUR  or  PCD30  treated  prostate 
cancer  cells.  Note:  PCD30  has  been  shown  to  have  an  improved  therapeutic  effect  on  prostate 
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cancer  cells  compared  to  free  curcumin.  Original  Magnifications  200X.  (C)  Immunoblot  analysis 
for  PARP  cleavage  in  curcumin  or  PCD30  treated  prostate  cancer  cells.  (3-actin  was  used  as  an 
internal  loading  control.  Note:  PCD30  has  shown  enhanced  PARP  cleavage  compared  to 
curcumin. 

Figure  8.  (A)  Representative  photographs  of  colony  formation  assays  of  prostate  cancer  cells 
treated  with  CUR  or  PCD-CUR  self-assembly  (PCD30).  (B)  Quantification  of  colony  densities 
in  CUR  and  PCD30  treatment  groups  in  three  prostate  cancer  cell  lines.  Data  represent  mean  of  3 
repeats  for  each  treatment  (Mean  ±  SE;  *  p<0.05,  compared  to  the  same  curcumin  dose). 
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Abstract 

Ovarian  cancer  is  the  most  lethal  gynecologic  malignancy  and  the  five-year  survival  rate  is  only  35% 
after  diagnosis.  Epithelial  ovarian  cancer  is  a  highly  metastatic  disease  characterized  by  widespread 
peritoneal  dissemination  and  ascites.  The  death  incidences  from  ovarian  cancer  could  be 
significantly  lowered  by  developing  new  methods  for  the  early  diagnosis  and  treatment  of  this  fatal 
disease.  Several  potential  markers  have  been  identified  recently.  However,  mucins  are  the  most 
promising  markers  for  ovarian  cancer  diagnosis.  Mucins  are  large  extracellular,  heavily  glycosylated 
proteins  and  their  aberrant  expression  has  been  implicated  in  the  pathogenesis  of  a  variety  of 
cancers,  including  ovarian  cancer.  This  review  will  summarize  known  facts  about  the  pathological 
and  molecular  characteristics  of  ovarian  cancer,  the  current  status  of  ovarian  cancer  markers,  as 
well  as  general  information  about  mucins,  the  putative  role  of  mucins  in  the  progression  of  ovarian 
cancer  and  their  potential  use  for  the  early  diagnosis  and  treatment  of  this  disease. 


Ovarian  Cancer 

The  life-time  risk  of  having  ovarian  cancer  is  1  in  70 
women.  This  is  the  fifth  leading  cause  of  death  for  women 
in  developing  countries  [1,2],  According  to  epidemiologi¬ 
cal  studies,  age  is  a  common  risk  factor  of  ovarian  cancer 
because  the  ovaries  of  post-menopausal  women  become 
smaller  and  folded.  This  folding  results  in  deep  cleft  for¬ 
mations  and  formation  of  smaller  cysts  lined  with  ovarian 
surface  epithelial  (OSE)  cells  [3-6],  The  other  risk  factors 
are:  nulliparity,  family  history,  history  of  fertility  drug  use 
and  endocrine  disorders.  Multiparity,  use  of  oral  contra¬ 
ceptives,  pregnancy  and  lactation  all  are  associated  with 
lower  risk  of  ovarian  cancer  because  of  the  decreased 
number  of  ovulation  cycles  [6-10],  Molecular  alterations 
are  also  known  to  occur  in  ovarian  cancer.  These  molecu¬ 
lar  alterations  include  mutation  in  the  p53  gene  which  is 
known  to  be  involved  in  DNA  damage  repair.  Mutation  in 


BRCA1  and  BRCA2  has  also  been  reported  in  ovarian 
tumors  [11-15],  Inactivation  or  downregulation  of  tumor 
suppressor  genes  and  amplification  of  oncogenes  is  also  a 
potential  cause  of  ovarian  cancer.  In  ovarian  tumors,  the 
downregulation  of  OVCA1  and  OVCA2  (tumor  suppres¬ 
sor  genes  present  in  normal  ovary)  is  reported,  while  their 
functions  in  normal  ovary  are  not  well  known  [11,16].  In 
contrast,  overexpression/amplification  of  certain  onco¬ 
genes  like  C-MYC,  RAS,  ART,  EGFR  (ErbBl  or  ITER1), 
HER2/neu  (ErbB2),  CSF1  C-MYC,  etc.,  is  also  well  known 
in  ovarian  tumors  [3-5,1 1,14,17-20], 

Ovarian  Cancer  Staging  and  Histological  Types 

Phenotypically,  the  following  types  of  epithelial  ovarian 
cancers  (90%)  are  classified  based  on  their  expressed 
properties  related  to  the  epithelium  of  the  fallopian  tube 
(serous  tumors),  proliferative  endometrium 
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(endometroid),  endocervix  or  colonic  epithelium  (muci¬ 
nous  tumors),  gestational  endometrium  (clear  cell  carci¬ 
noma),  or  the  urinogenital  tract  (transitional  or  Brenner 
tumors)  (Table  1).  The  remaining  10%  of  ovarian  tumors 
are  gonadal-stromal  tumors  (6%),  germ  cell  tumors  (3%) 
and  metastatic  tumors  (1%)  [5]  (Table  1).  The  histologi¬ 
cal  classification  of  ovarian  tumors  suggests  four  different 
stages  in  ovarian  cancer:  stage  I  (tumors  involve  one  or 
both  the  ovaries,  5  year  survival  60-90%),  stage  II  (tumors 
involve  one  or  both  ovaries  with  pelvic  extension,  5  year 
survival  37-66%),  stage  III  (tumors  involve  one  or  both 
ovaries  with  intraperitoneal  metastasis  outside  the  pelvis, 
retroperitoneal  nodes  or  both,  5  year  survival  5-50%)  and 
stage  IV  (tumors  involve  one  or  both  ovaries  with  distant 
metastases,  i.e.  to  lungs  or  liver,  5  year  survival  0-17%) 
[5,21]  (Table  2).  The  majority  (90%)  of  ovarian  cancers 
are  epithelial  ovarian  carcinomas  (EOC)  which  are 
thought  to  arise  from  the  ovarian  surface  epithelium 
(OSE).  OSE  is  the  outermost  mesothelial  (peritoneal)  lin¬ 
ing  and  least  component  of  the  normal  ovary,  with  no 
unique  feature  or  known  major  functions.  In  addition,  the 
early  changes  and  minor  anomalies  remain  undetected  in 
this  tissue  [3,5,20].  Due  to  the  anatomic  location  and  the 
lack  of  early  symptoms,  it  has  become  a  difficult  task  to 
differentiate  normal  OSE,  metaplasia,  benign  epithelial 
tumors  and  borderline  tumors.  Ovarian  cancer  can  be 
treated  effectively  if  detected  at  an  early  stage;  but  unfor¬ 
tunately,  at  the  present  time  most  of  the  ovarian  tumors 
are  not  diagnosed  before  an  advanced  stage  (stage  III  and 
IV)  primarily  due  to  the  lack  of  reliable  biomarkers  of 
early  diagnosis.  Since  most  ovarian  cancers  are  of  epithe¬ 
lial  nature  and  mucins  are  considered  to  be  the  hallmark 
of  epithelial  cells,  the  expression  profile  of  mucins  may 
serve  as  a  potential  diagnostic/prognostic  and  therapeutic 
target.  In  this  article,  we  have  compiled  available  informa¬ 
tion  on  the  expression  profile  of  different  mucins  in  ovar¬ 
ian  tumors  and  their  potential  role  in  ovarian  cancer 
diagnosis  and  treatment. 

Mucins 

Being  that  90%  of  ovarian  cancers  are  of  epithelial  origin, 
mucins  may  be  attractive  candidates  for  the  detection  of 
early  stage  ovarian  cancer  [  1,2,5].  Mucins,  large  extracellu¬ 

Table  I:  Classification  of  ovarian  tumors 


lar  proteins,  are  heavily  glycosylated  with  oligosaccha¬ 
rides  and  are  generally  known  for  providing  protection  to 
the  epithelial  tissues  under  normal  physiological  condi¬ 
tions  [22-24] .  Mucins  are  usually  secreted  by  the  epithelial 
tissues  which  remain  in  contact  with  relatively  harsh  envi¬ 
ronments  such  as  airway  epithelium,  stomach  epithelia, 
epithelial  lining  of  intestine  and  ductal  epithelial  tissue  of 
liver,  pancreas,  gall  bladder,  salivary  gland,  lachrymal 
gland,  etc.  In  these  tissues,  epithelial  cells  are  exposed  to  a 
variety  of  microorganisms,  toxins,  proteases,  lipases,  gly- 
cosidases  and  diverse  microenvironment  fluctuations  that 
includes  pH,  ionic  concentration,  oxygenation,  etc.  [22- 
25],  All  mucins  share  general  characteristics.  For  example, 
they  have  repetitive  domains  of  peptides  rich  in  serine, 
threonine,  and  proline  in  their  backbone.  Serine  and  thre¬ 
onine  are  sites  for  O-  and  N-glycosylation.  Presence  of  the 
tandem  repeat  domain  which  varies  in  number,  length 
and  O-glycosylation  is  the  common  structural  feature  of 
all  mucins  [23,26-29].  Their  general  structure  and  bio¬ 
chemical  composition  provides  protection  for  the  cell  sur¬ 
face  and  specific  molecular  structures  regulate  the  local 
microenvironment  near  the  cell  surface.  In  addition, 
mucins  also  communicate  the  information  of  the  external 
environment  to  the  epithelial  cells  via  cellular  signaling 
through  membrane-anchored  mucins  [22-24,29].  It 
appears  that  mucins  have  the  capability  of  serving  as  cell 
surface  receptors  and  sensors  and  conducting  signals  in 
response  to  external  stimuli  for  a  variety  of  cellular 
responses  like  cell  proliferation,  cell  growth,  differentia¬ 
tion  and  apoptosis.  These  reports  suggest  that  the  aberrant 
expression  of  mucins  may  be  implicated  in  the  develop¬ 
ment  and  progression  of  ovarian  cancer. 

Type  of  Mucins 

Currently,  there  are  twenty  known  mucins  which  have 
been  placed  in  two  categories:  secreted  mucins  (gel  form¬ 
ing:  MUC2  [30],  MUC5AC  [31],  MUC5B  [32],  MUC6 
[33],  and  non-gel  forming:  MUC7  [34]  MUC8  [35]  and 
MUCH  [36]),  and  membrane  bound  mucins  (MUC1[26], 
MUC3  [37],  MUC4  [38],  MUC9  [39],  MUC10  [40], 
MUC12  [36],  MUCH  [41],  MUC16  [42,43],  MUC17 
[44],  MUC18  [45]  and  MUC20  [46]). 


Epithelial  ovarian  tumors  (90%)  Mostly 
diagnosed  after  the  age  of  50. 

Germ  cell  neoplasm  (3%)  Mostly 
diagnosed  under  the  age  of  30 

Gonado-stromal  tumors  (6%)  No 
particular  pattern  with  age 

Serous 

Teratomas 

Granulosa  cell  tumors 

Mucinous 

Mature  cyst  teratomas 

Thecomas 

Endometroid 

Immature  teratomas 

Fibrosarcomas 

Clear  cell 

Dysgerminomas 

Sertoli  cell  tumors 

Transitional  cell  or  Brenner  tumors 

Yolk  sac  tumors 

Embryonal  carcinomas 

Leydig  cell  tumors 

Metastatic  tumors:  Ovaries  may  have  tumors  due  to  secondary  metastatis  of  stomach,  colon,  pancreas,  appendix,  breast,  and  hematopoietic  system. 
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Table  2:  Stage  and  Features  of  the  Ovarian  Tumors 


Stage 

Features 

%  5  year  Survival 

Stage  1 

Tumor  growth  is  limited  to  the  one  or  both  the  ovaries 

60-90 

Stage  II 

Tumor  growth  in  the  one  or  both  the  ovaries  with  extension  in  the  pelvis 

37-66 

Stage  III 

Tumor  growth  involves  one  or  both  ovaries  with  extension  and  intraperitoneal  metastasis  extended  to  the  bowel, 
to  the  lining  of  the  abdominal  cavity,  or  to  the  lymph  nodes 

5-50 

Stage  IV 

Tumor  growth  in  one  or  both  ovaries  with  distant  metastases  to  other  organs  such  as  lungs  liver  or  in  the  chest 

0-17 

Mucin  Expression  in  Normal  Ovary  and 
Nonmalignant  Ovarian  Cell  Lines 

Goblet  cells  or  glandular  structures  are  not  present  in  nor¬ 
mal  ovaries  and,  therefore,  the  normal  ovarian  tissues  are 
not  expected  to  express  secretory  mucins.  Ovarian  surface 
epithelium  (OSE)  expresses  a  mixed  epithelo-mesenchy- 
mal  phenotype  and  is  the  only  compartment  known  to 
express  mucins.  MUC1  is  the  only  well  known  mucin 
which  is  expressed  by  the  OSE  at  a  detectable  level  [3,4], 
Cultured  nonmalignant  ovarian  epithelial  cell  lines  also 
express  MIJC1  (a  membrane  associated  mucin)  and 
MUC5AC  (a  secreted  mucin)  [47], 

Mucin  Expression  in  Ovarian  Tumors 

The  expression  of  mucin  genes  by  ovarian  epithelial  cells 
has  not  been  studied  in  detail  and  only  a  few  reports  are 


available  to  address  this  issue.  Phenotypically,  EOCs  are 
among  the  most  variable  tumors  of  any  organ  in  that  they 
may  express  ovarian  tumor  cells  structurally  related  to  the 
epithelium  of  different  organs  [4],  It  has  been  shown  that 
malignant  ovarian  tumors  often  express  more  mucins 
than  benign  and  borderline  ovarian  tumors.  Different 
studies  (Table  3)  on  the  expression  of  mucins  in  ovarian 
tumors  have  shown  overexpression  of  MUC1,  MUC2, 
MUC3,  MUC4,  MUC5AC  and  MUC16  or  CA125  [4,47- 
51].  In  agreement  with  these  studies,  we  also  observed 
overexpression  of  MUC1,  MUC4  and  MUC16  in  several 
ovarian  tumors  [52]  with  no  or  an  undetectable  level  of 
MUC4  and  MUC16  in  normal  ovarian  tissues.  In  northern 
blot  analysis  a  higher  expression  of  MUC3  and  MUC4  was 
reported  in  early  stage  ovarian  tumor  samples  compared 
to  the  late  stage  ovarian  tumor  samples  and  it  was  pro- 


Table  3:  Comparative  expression  profile  of  mucins  in  different  stages  and  histological  types  of  ovarian  cancer 


Gene 

Normal  Ovary 

Borderline 

(Mucinous) 

Low  Stage  (Stage  1  -2) 

High  Stage 
(Stage  3-4) 

Detection  method 

MUCI 

+/- 

++ 

+  to  +++  (in  all 
histological  types  i.e.  C, 

M,  E,  S) 

+  to  +++  (in  all 
histological  types  i.e.  C, 

M,  E,  S) 

ISH,  NB,  IHC  [47-50] 

MUC2 

ND 

+++ 

+++  (all  histological 
types,  primarily  in 
mucinous  type) 

+  to  ++ 

ISH,  NB,  IHC  [47-51] 

MUC3 

ND 

+++  (primarily  in 
intestinal  phenotype 

+++  (E,  M) 

-  to  + 

ISH,  NB  [47,48] 

MUC4 

+++ 

(primarily  in  endocervical 
phenotype) 

+++ 

(all  types  i.e.  C,  M,  E,  S) 

-  to  ++ 

ISH,  NB,  IHC  [47,48] 

MUC5AC 

ND 

++  (primarily  in  gastric 
surface  cell  or  mucinous 
type) 

++  (E,  M,  S) 

++ 

ISH,  NB,  [47,48] 

MUC5B 

ND 

+  + 

(Express  primarily  in 
endocervical  phenotype) 

++  (C,  S) 

-  to  + 

ISH,  NB  [47,48] 

MUCI  3 

ND 

+ 

+++  (S,  M) 

++  (S,  M) 

OMA,  TMA,  IHC  [53,97] 

CAI25/MUCI6 

-  (express  in  non- 
mucinous  borderline 

tumors 

-  to  +++ 

(rarely  express  in 
mucinous  tumors) 

+  to  +++ 

(rarely  express  in 
mucinous  tumors) 

IHC  [76-79] 

MUCI7 

- 

+ 

- 

- 

[44,97] 

Note:  C,  M,  E,  and  S  are  abbreviated  for  clear  cell,  mucinous,  endometroid  and  serous  histological  types  of  ovarian  tumors,  respectively. 
ISH,  in-situ  hybridization;  NB,  northern  blotting;  IHC,  immunohistochemistry,  TMA,  tissue  microarray,  OMA,  oligonucleotide  microarray 
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posed  that  they  provided  a  protective  function  in  ovarian 
cancer  [47] .  However,  in  our  study  we  did  not  see  this  cor¬ 
relation  with  MUC4  [52],  The  overexpression  of  MUC1  in 
various  types  and  stages  of  ovarian  tumor  samples  is 
reported  in  several  studies  [47,49,50].  Recently,  our  labo¬ 
ratory  has  identified  aberrant  expression  of  a  novel  mem¬ 
brane  anchored  mucin,  MUC13,  in  ovarian  cancer.  In  this 
study,  MUC13  expression  was  undetectable  in  normal 
and  benign  ovarian  samples  while  66%  of  epithelial  ovar¬ 
ian  cancer  samples  showed  a  significantly  higher  MUC13 
expression.  MUC13  was  predominantly  localized  on  the 
apical  membrane  and  in  the  cytoplasm.  Moreover, 
MUC13  expression  was  significantly  (p  <  0.05)  higher  in 
mucinous  and  Brenners  type  of  samples  compared  to 
other  histological  types  of  ovarian  cancer  samples  and 
adjacent  normal  ovary  samples  [53].  The  expression  pat¬ 
tern  of  certain  membrane  bound  mucins  in  ovarian 
tumors  is  shown  in  Figure  1. 

Pathological  Roles  of  Mucins  in  Ovarian  Cancer 

The  acquirement  of  an  invasive  phenotype  is  one  of  the 
pivotal  features  of  malignant  ovarian  cells.  In  order  to 
progress  and  metastasize,  ovarian  cancer  cells  must  lose 
cell  contacts  with  neighboring  cells,  traverse  the  basement 
membrane  and  migrate  through  stroma  to  reach  blood 
vessels  or  the  lymphatic  system.  Mucins  may  be  impli¬ 
cated  in  the  exfoliation,  dissemination  and  invasion  of 
the  ovarian  cancer  cells  due  to  the  highly  glycosylated 
extracellular  domain,  which  may  protrude  up  to  200- 
2000  nm  above  the  cell  surface  [54-56].  The  overexpres¬ 
sion  of  mucins  can  effectively  interfere  with  the  function 
of  cell  adhesion  molecules  by  steric  blocking  of  the  inter¬ 
action  of  the  cell  surface  molecules.  MUC1  is  known  to 
suppress  cell  aggression  and  cell  adhesion  properties  by 
interfering  with  the  functions  of  E-cadherin  and  other  cell 
adhesion  molecules  in  MUC1  overexpressing  breast  can¬ 
cer  cells  [54-56].  In  addition  to  this,  mucins  may  also  be 
involved  in  the  invasion  of  the  basement  membrane  by 
modulating  cell-matrix  attachment  because  of  their  dif¬ 


fused  and  basal  localization  in  tumor  cells.  Mucins  may 
also  have  an  immunosuppressive  effect  by  covering  the 
surface  of  tumor  cells  and  enabling  access  to  the  immune 
responsive  cells  [24,54-60],  The  juxtamembrane  domain 
of  the  membrane-bound  mucins  is  known  to  promote  cell 
proliferation  by  intercellular  signaling  mediated  via  one 
of  their  two/three  EGF-like  domains  [24,55-61],  Moreo¬ 
ver,  the  cytoplasmic  tail  of  mucins  like  MUC1  is  known  to 
induce  several  cell  signaling  pathways,  which  promote  the 
cell  growth  and  proliferation  in  a  variety  of  cancer  cells 
[24,55-57,61-64].  Additionally,  our  recent  study  demon¬ 
strates  that  exogenous  MUC13  expression  induced  mor¬ 
phological  changes,  including  scattering  of  cells.  These 
changes  were  abrogated  through  c-jun  NH2-terminal 
kinase  (JNK)  chemical  inhibitor  (SP600125)  or  JNK2 
siRNA.  Moreover,  a  marked  reduction  in  cell-cell  adhe¬ 
sion  and  significant  (p  <  0.05)  increases  in  cell  motility, 
proliferation  and  tumorigenesis  in  a  xenograft  mouse 
model  system  were  observed  upon  exogenous  MUC13 
expression.  These  cellular  characteristics  were  correlated 
with  up-regulation  of  HER2,  p21-activated  kinasel 
(PAK1)  and  p38  protein  expression  [53].  Additionally, 
recent  studies  have  shown  the  role  of  MUC16/CA125  in 
ovarian  cancer  metastasis.  MUC16  mucin  interacts  with 
the  glycosylphosphatidylinositol  anchored  glycoprotein 
mesothelin  at  high  affinity  and  facilitates  the  peritoneal 
metastasis  of  ovarian  cancer  cells  [65,66],  Moreover, 
MUC16/CA125  expression  has  been  shown  to  inhibit  the 
cytotoxic  responses  of  human  natural  killer  (NK)  cells  and 
downregulate  CD  1 6  activity  in  ovarian  cancer  cells.  It  has 
also  been  shown  that  MUC16/CA125  selectively  binds  to 
30-40%  of  CD16+NK  cells  in  EOC  patients.  These  studies 
suggest  immunosuppressive  properties  of  MUC16/CA125 
[67].  These  above  mentioned  findings  demonstrate  the 
aberrant  expression  of  mucins  in  ovarian  cancer  and  show 
that  mucin  expression  may  alter  the  cellular  characteristics 
of  ovarian  cancer  cells  and  also  imply  a  significant  role  of 
mucins  in  the  pathogenesis  of  ovarian  cancer. 


Figure  I 

Expression  of  MUCI  (A),  MUCI3  (B)  and  MUCI6/CAI25  (C)  trans-membrane  mucins  in  ovarian  tumors. 
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Mucins  as  Serum  Marker  of  Ovarian  Cancer 

The  structural  characteristics  of  mucins  suggest  the  pres¬ 
ence  of  potential  proteolytic  cleavage  sites  in  most  mucin 
genes  and  several  are  known  to  cleave  at  the  cell  surface. 
Mucins,  which  are  normally  confined  to  the  epithelial  sur¬ 
faces,  become  exposed  to  circulation  and  their  overexpres¬ 
sion  may  establish  their  potential  as  a  tumor  marker  and/ 
or  diseased  condition.  Mucins  already  have  shown  their 
great  potential  as  serum  markers  of  ovarian  and  various 
other  tumors.  Aberrant  O-glycosylation  of  mucins  is  par¬ 
ticularly  prominent  in  epithelial  cancers.  This  feature  has 
been  termed  "glycodynamics".  These  heterogeneously  O- 
glycosylated  mucins  aberrantly  enter  the  bloodstream  in 
malignant  conditions  which  provide  diagnostic  biomark¬ 
ers  for  detection  and  monitoring  of  cancer.  Although 
mucins  are  rapidly  degraded  by  glycan-recognizing 
hepatic  clearance  receptors  in  the  liver,  small  subsets  of 
carcinoma  mucins  remained  unrecognized  by  clearance 
systems.  Thus,  circulating  cancer  mucins  used  as  clinical 
diagnostic  markers  likely  represent  only  the  clearance- 
resistant  "tip  of  the  iceberg"  [68],  For  example,  O-glycans 
on  circulating  MUC16  recognized  by  antibody  CA125 
provide  for  diagnosis  and  monitoring  of  ovarian  cancers 
[42],  CA125,  an  established  serum  marker  of  ovarian 
tumors,  has  been  recently  identified  as  a  member  of  a 
mucin  family  and  named  MUC16  [42,43,69].  MUC16  is 
a  large,  heavily  glycosylated  transmembrane  mucin.  Sev¬ 
eral  studies  have  shown  the  importance  of  CA125/ 
MUC16  in  ovarian  cancer  diagnosis.  In  fact,  an  elevated 
level  of  CA125/MUC16  is  a  gold  standard  non-invasive 
test  for  ovarian  cancer  diagnosis  [70,71],  A  decrease  in 
CA125  can  provide  a  surrogate  marker  to  determine  the 
response  to  chemotherapeutic  drug(s)  during  the  treat¬ 
ment  procedure  [72],  Moreover,  antigens  such  as  CA19-9, 
CA50,  and  CA242  are  also  the  serum  markers  of  various 
malignant  conditions  and  are  present  on  heavily  glyco¬ 
sylated,  high  molecular  weight  mucins  [22,73,74],  In 
breast  cancers,  serum  MUC1  measured  by  CA15-3  is  a 
well  established  assay  and  has  been  shown  to  correlate 
with  the  clinical  course  [75],  MUC1  and  MUC4  are  also 
known  to  be  overexpressed  in  ovarian  tumors.  Despite 
having  a  great  importance  in  ovarian  cancer,  CA125  does 
not  display  an  elevated  serum  level  in  over  50%  of  the 
women  with  early  stage  tumors  because  this  antigen  is  not 
expressed  in  most  early  stage  ovarian  tumors  [1,76-79], 
Additionally,  an  elevated  level  of  CA125  was  observed  in 
some  other  (pancreatic,  breast,  liver,  bladder  and  lung) 
cancers,  benign  conditions  (diverticulitis,  uterine  fibroids, 
endometriosis,  and  ectopic  pregnancy)  and  physiological 
conditions  (pregnancy  and  menstruation).  Therefore,  the 
discovery  of  new  serum  tumor  markers  capable  of  com¬ 
plementing  CA125  may  allow  for  the  development  of  a 
reliable  test  for  the  early  stage  diagnosis  of  ovarian  cancer. 
Our  recent  and  some  previous  studies  showed  the  overex¬ 
pression  of  MUC4  in  a  majority  of  early  stage  ovarian 


tumors  and  a  combined  panel  of  MUC1,  MUC4  and 
MUC16  dramatically  increased  the  sensitivity  of  MUC16 
staining  test  [52],  Additionally,  a  recent  study  suggests  the 
overexpression  of  MUC4  in  ovarian  carcinoma  cells 
present  in  peritoneal  effusions  [80],  Furthermore,  our  lab¬ 
oratory  has  recently  identified  the  aberrant  expression  of 
a  novel  transmembrane  mucin,  MUC13,  in  ovarian  tumor 
samples  compared  to  normal/benign  ovarian  tissue  sam¬ 
ples  [53],  Like  other  membrane-associated  mucins, 
MUC4  and  MUC13  also  have  a  proteolytic  cleavage  site  in 
its  structure  which  may  allow  the  cleavage  of  the  extracel¬ 
lular  part  of  MUC4  and  MUC13  and  their  release  in  the 
blood  stream  [29],  A  similar  process  occurs  in  case  of 
MUC1  and  MUC16.  These  data  suggest  that  a  combined 
panel  of  different  mucins  may  improve  sensitivity  and 
accuracy  of  the  currently  used  serum  based  diagnosis  of 
ovarian  cancer.  Further,  aberrant  mucin  expression  may 
be  immunogenic  and  may  elicit  a  potent  antibody 
response.  This  antibody  response  may  also  serve  as  a  dis¬ 
ease  indicator.  A  recent  study  demonstrated  the  presence 
of  MUC1  antibodies  in  blood  plasma  samples  which  was 
inversely  correlated  with  risk  of  ovarian  cancer  [81].  These 
studies  suggest  that  the  aberrant  expression  of  mucins 
holds  great  promise  to  serve  as  a  surrogate  marker  of  ovar¬ 
ian  cancer  and  ovarian  cancer  prognosis. 

Use  of  Mucins  in  Radioimmunodiagnosis  (RID) 
and  Radioimmunotherapy  (RIT) 

Monoclonal  antibodies  against  mucins  may  have  poten¬ 
tial  applications  in  improving  the  diagnosis  and  therapy 
of  ovarian  tumors,  although  very  few  published  studies 
are  available  to  address  this  issue,  so  far,  and  continued 
investigations  are  certainly  required.  The  much  higher 
expression  of  mucins  (MUC1,  MUC4,  MUC5AC,  MUC13 
and  MUC16)  in  ovarian  tumors  compared  to  the  sur¬ 
rounding  normal  tissues  can  be  exploited  for  the  purpose 
of  radioimmunodiagnosis  (RID)  and  radioimmuno¬ 
therapy  (RIT).  MUC1  monoclonal  antibodies  radiola¬ 
beled  with  y-emitting  radioisotopes  like  99mTC  and  mIn 
have  been  successfully  used  for  the  radioimmunodiagno¬ 
sis  of  various  malignancies  [82],  As  an  extension  of  this 
technique,  monoclonal  antibodies  to  the  mucins,  radiola¬ 
beled  with  P-emitting  isotopes  such  as  67Cu,  or  188Re,  may 
be  employed  for  the  irradiation  of  spreading  tumor  cells 
(radioimmunotherapy)  while  sparing  normal  cells  [82- 
84],  At  present,  MUC1  and  MUC16  are  the  best  and  only 
characterized  mucins  and  monoclonal  antibodies  against 
MUC1  and  MUC16  are  under  preclinical  and  clinical 
investigations  for  ovarian  cancer  treatment  (Table  4). 
Therapeutic  efficacy  of  anti-MUCl  MAb  (HMFG1:  anti¬ 
human  milk  fat  globules)  radiolabeled  with  90Y,  186Re  and 
131 1  was  investigated  in  an  OVCAR3  ovarian  cancer 
xenograft  model.  These  radiopharmaceuticals  signifi¬ 
cantly  improved  survival  in  treated  mice  compared  to 
control  mice.  Similarly,  radiolabeled  MUC16  MAbs  also 
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Table  4:  Some  mucin-based  and  other  emerging  therapies  for  ovarian  cancer  treatment  [88-94] 


Antibody  targeting 

Vaccines 

Antibody-based 

Antigen-based 

Cell-based 

Anti-HER2/neu  antibody 
(Herceptin)  [In  use] 

Idiotypic  vaccination  with  anti- 
MUC 1  HMFG 1  MAb  [Phase  1  trial] 

MUCI  presenting  Immunogens 
[Phase  1] 

Fusions  of  ovarian  carcinoma  cells 
and  dendritic  cells  (DC) 

[Preclinical] 

90Y-labelled  anti-MUCI  HMFGI 
MAb  [Phase  1] 

Anti-CA-125  B43.I3  MAb  vaccine 
(OvaRex)  [Phase  lib] 

Peptides  derived  from  a  folate 
binding  protein  [Phase  1] 

MUC  1  RNA  transfected  dendritic 
cells  [Preclinical] 

131  l-labelled  OCI2S  MAb  [Phase  1/ 

II] 

Anti-idiotypic  antibody  ACA- 1 25 
vaccine  [Phase  I/ll] 

Synthetic  Lewis  (y)-protein 
conjugate  vaccine  [Phase  1] 

Genetically  engineered  GM-CSF 
producing  tumor  cells 

131  l-labelled  MOv8  chimeric  MAb 
[Phase  1] 

Her2/neu  presenting  peptides 
vaccines  [Phase  1] 

Her2/neu  and  MUCI  peptide 
pulsed  dendritic  cells  [Pilot  study] 

Nano-RIT  with  CAI25  and  anti- 
HER2  MAb  [Under  investigation] 

Theratope  STn-KLH  cancer 
vaccine  [Phase  1] 

Dendritic  cells  pulsed  with  tumor- 
lysate 

caused  significant  delay  in 

animal  death.  MUC13  is 

gen  can  be  administered  to  the  patient  and  over  time  the 

another  potential  mucin  which  is  highly  expressed  on  the  patient  will  develop  an  immune  response  by  activation  of 

surface  of  ovarian  cancer  cells,  indicating  its  potential  as  a  cytotoxic  T  cells.  In  a  cell-based  vaccine  approach,  tumor 

target  for  RID  and  RIT.  An  emerging  concept  in  radioim-  cells  of  the  same  patient  (autologous)  or  a  different 

munotherapy  is  nano-radioimmunotherapy  (Nano-RIT).  patient  (allogeneic)  or  dendritic  cells  (activated  by  cancer 

In  these  studies  radiolabeled  antibodies  are  coupled  with  antigen)  are  administered  to  the  cancer  patient  to  stimu- 

drug  loaded  liposomes  or  nanoparticles.  This  approach  late  the  immune  system.  The  induction  of  potential  anti¬ 
will  overcome  some  of  the  major  obstacles  associated  MUC  responses  may  provide  potential  benefits  in  target- 

with  conventional  strategies  and  will  improve  tumor  ing  tumors  overexpressing  mucin  antigens.  MUC1  has 

uptake  and  retention  time  of  radioimmunoconjugates  been  successfully  used  as  a  target  for  immuno-directed 

[85,86].  The  radioimmunoconjugates  can  be  safely  therapies  and  as  a  marker  of  disease  progression  [88-90], 

administered  via  an  intravenous  route  despite  the  fact  they  The  efficacy  of  the  immune  response  to  mucins  or  mucin 

are  mouse  monoclonal  antibodies  and  capable  of  indue-  peptides  can  be  effectively  augmented  by  conjugation  of 

ing  human  anti-mouse  antibody  (HAMA)  responses.  immune  adjuvant  and/or  carrier  proteins  like  Bacille  Cal- 

However,  this  problem  can  be  minimized  in  the  future  by  mette-Guerin  (BCG)  and  keyhole  limpet  hemocyanin 
using  modern  antibody  engineering  techniques  [87],  (KLH).  A  cognate  of  the  MUC1  peptide  conjugated  with 

KLH  and  Quillaja  saponaria  (QS-21)  has  entered  into  clin- 
Anti-Cancer  Vaccines  Based  on  Mucins  ical  trials  for  prostate  cancer  [91,92].  The  use  of  naked 

In  recent  years,  projects  associated  with  the  development  DNA  is  another  attractive  and  relatively  simple  approach 

of  tumor  vaccines  have  received  considerable  attention  for  vaccination  studies.  MUC1  cDNA  has  been  used  as  a 

(Table  4).  A  further  possible  approach  involves  the  use  of  cancer  vaccine  in  mouse  models  and  has  been  shown  to 

mucins  as  a  vaccine  and  target  for  immune  responses  result  in  long-term  growth  suppression  of  tumors  [93,94], 

(Table  4)  [88,89].  Three  types  of  strategies  can  be  Additionally,  dendritic  cells  pulsed  with  mucin  derived 

employed  for  vaccine  development:  antibody-based,  anti-  peptides  were  able  to  induce  a  potent  cytotoxic  T-cell 

gen-based  and  cell-based.  As  we  mentioned  earlier,  certain  response  and  provide  therapeutic  benefits  [95,96],  For 

membrane  anchored  mucins  which  are  over/aberrantly  ovarian  tumors,  which  are  known  to  overexpress  mucins, 

expressed  in  ovarian  cancer  can  be  targeted  for  mono-  this  may  be  a  potential  treatment  approach  with  a  better 

clonal  antibody  generation  and  anti-cancer  vaccine  devel-  survival  outcome, 

opment.  Antibody  generated  against  a  tumor  antigen  can 
trigger  potent  antibody-dependent  cellular  cytotoxicity  Conclusions 

and  T-cell  response.  Additionally,  monoclonal  antibodies  The  mucin  gene  family  has  considerable  potential  impor- 

can  persuade  anti-idiotypic  antibodies  that  mimic  the  tance  in  the  cell  biology,  diagnosis  and  treatment  of  ovar- 

epitopes  in  tumor  antigens  and  can  elicit  a  potent  anti-  ian  malignancies.  Various  studies  have  shown  the 

cancer  response  in  patients.  For  an  anti-cancer  vaccine,  overexpression  of  MUC1,  MUC2,  MUC3,  MUC4, 

synthetic  peptide  or  DNA  that  encodes  for  a  tumor  anti-  MUC5AC  and  MUC16  in  a  variety  of  ovarian  tumors.  In 
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particular,  a  combined  panel  of  MUC4,  MUC5AC,  and 
MUC16  may  offer  an  effective  and  reliable  diagnostic  sys¬ 
tem  and  target  for  the  management  of  various  histological 
grades  and  types  of  ovarian  cancer,  although  their  biolog¬ 
ical  functions  are  not  clearly  defined.  The  development  of 
new  molecular  biology  techniques  will  allow  researchers 
to  determine  the  biological  role  of  mucins  in  the  process 
of  ovarian  tumor  progression  and  response  to  therapy. 
The  gene  locus  of  the  majority  of  mucin  genes  has  been 
identified  and,  therefore,  may  be  a  potential  target  for 
future  gene-based  therapies,  including  immunoliposome 
targeted  techniques.  The  use  of  mucins  as  targets  for  radi- 
oimmunodiagnosis  and  radioimmunotherapy  is  also 
being  explored  and  appears  to  be  a  potential  approach  for 
the  diagnosis  and  treatment  of  ovarian  tumors  which 
overexpress  mucins.  The  advancement  in  the  area  of  anti¬ 
body  engineering  techniques  provides  an  opportunity  to 
produce  single-chain,  divalent,  tetravalent  and  human¬ 
ized  antibody  constructs  from  murine  monoclonal  anti¬ 
bodies.  These  molecules  will  be  significantly  less 
immunogenic  to  the  human  host  than  their  intact  mouse 
Ig  counterparts,  and  may  allow  repeated  intravenous/ 
intraperitoneal  administrations  of  targeting  radioconju- 
gated  molecules,  improved  tumor  tissue  penetration  due 
to  reduced  physical  size  with  a  minimal  or  no  risk  of  an 
HAMA  response.  In  the  light  of  available  information,  we 
conclude  that  switching  of  mucin  genes  occurs  in  ovarian 
cancer,  which  can  be  utilized  for  the  early  diagnosis  and 
treatment  of  ovarian  tumors. 
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